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? sbmission of a manuscript to the Editors involves the tacit assurance that no 
mlar paper, other than an abstract or preliminary report, has been, or will be 
itted for publication. 


a 2. Form and Style of Manuscript 
PManuscripts should be typed with triple spacing throughout, and only the 


Beinal copy should be submitted. Before being mailed to the Managing Editor, 
Serrors in typing should be corrected, and the spelling of proper names and of 
meds in foreign languages, the accuracy of direct quotations, and the correctness 
Fanalytical data, as well as of numerical values in tables and in the text, should 
pearefully verified by the author. Care in grammatical construction is essential; 
meue, obscure, or ambiguous statements must be avoided. As the Journal is 
mac by chemists in foreign countries, technical neologisms and “laboratory slang”’ 
‘ ald not be used; when unavoidable, such terms should be defined. Variations 
m standard nomenclature and all arbitrary abbreviations should be explained. 
» forms of spelling and abbreviation used in current issues of the Journal should 
B exployed, and for chemical terms the usage of the American Chemical Society 
petzated by the indexes of Chemical Abstracts should be followed. Separate 
is should be used for the following: (a) title page, (6) bibliography, (c) foot- 
s, (d) legends for figures, (e) tables, (f) other inserts. All, except the title 
° S should follow the text, and the sheets should be numbered consecutively with 
4 “The title page should carry the title of the paper, the authorship, and the 


te of the institution or laboratory of origin. 


8. Title 


& title should be as short as is consistent with clarity; in most instances two 
minted lines are adequate to give a clear indication of the subject matter of the 
a per. The title should not include chemical formulas, but chemical symbols may 
mused to indicate the structure of isotopically labeled compounds. A running 
- should be provided (not to exceed 38 characters and spaces). 


4. Organization of Manuscript 


z Gesirable plan for the organization of a paper is the following: (a) introductory 
mavement, (b) Experimental (or Methods), (c) Results, (d) Discussion, (e) Sum- 
mary, 7, (f) Bibliography. The approximate location of the tables and figures in 
gee text should be indicated. 
=e) The introduction should state the purpose of the investigation and its rela- 
gen to other work in the same field, but extensive reviews of the literature should 
me be given. A brief statement of the principal findings is helpful to the reader. 

aA The description of the experimental procedures should be as brief as is com- 
pavita the possibility of repetition of the work. Published procedures, unless 
ly modified, should be referred to only by citation in the bibliography. 
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(c) The results are normally presented in tables or charts and should be described 
with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained. 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page, 
and the year of publication should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications, 
References to “unpublished experiments,” “personal communications,” etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words “in press.” It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


5. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural formulas or mathe- 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for reproduction by photoengraving 
(example, J. Biol. Chem., 181, 56 (1949)). 


6. Tables 


. For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. 
If an experimental condition, such as the number of animals, dosage, concentration 
ot a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or in a statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be em- 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test of significance applied. 
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Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


7. Illustrations 


The preparation of illustrations is particularly important, and authors are re- 
to follow carefully the directions given below. In case of doubt, the 
Editorial Office will gladly supply specific information. 

It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 84 by 11 inches in size. Large size drawings or those much smaller than 
manuscript sheets are difficult to handle. 

Charts should be planned so as to eliminate waste space, yet be provided with 

suficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 
rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
or on coordinate paper printed in light blue. Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 
erees. 
All charts should be ruled off on all four sides close to the area occupied by the 
curves, and descriptive matter placed on the ordinate and abscissa should not 
extend beyond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction (maximal page width 44 
inches). 

The scales used in plotting the data should be indicated by short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 
tion should be indicated by symbols drawn with instruments. The significance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 
has type, should be employed (X, O, @, 0, M@, A, A, ®). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 

Each chart, graph, or illustration should be clearly identified, on the margin, 
with the authors’ names and the number of the figure. Each must also be ac- 
companied by an explanatory legend. 


8. Proof-Reading 


Authors are responsible for the reading of galley and page proof. The cost of 
changes, other than correction of printer’s errors, will be charged to authors. 


3 


4 THE JOURNAL OF BIOLOGICAL CHEMISTRY 


9. Reprints 


Reprints will be issued only when ordered by authors. When they are to be 
charged to an institution, an official purchase order must be supplied in addition 
to the order form submitted with the proof. All orders, including the purchase 
orders, must be sent to the Editorial Office of the Journal. The total number of 
reprints must be ordered when galley proof is returned to the Editorial Office. Re. 
prints are made at the time the Journal is printed and the type is destroyed at once 
Therefore, additional reprints cannot be supplied after an issue of the Journal js 
printed except by a photo-offset method. The cost of such reproduction is many 
times greater than that of reprints printed from the original type. 
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EFFECT OF ISONICOTINIC ACID HYDRAZIDE ON 
DIPHOSPHOPYRIDINE NUCLEOTIDASES* 


By LEONARD J. ZATMAN,t NATHAN O. KAPLAN, SIDNEY P. 
COLOWICK, anp MARGARET M. CIOTTI 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, February 2, 1954) 


The ability of the diphosphopyridine nucleotidase (DPNase) of beef 
spleen to catalyze an exchange reaction between the nicotinamide moiety 
of diphosphopyridine nucleotide (DPN) and added nicotinamide has been 
reported in a previous paper from this laboratory, and it has been suggested 
that this phenomenon serves to explain the well known inhibitory effect 
of nicotinamide on animal DPNases (1). It was proposed that the enzyme 
might catalyze group transfer reactions of a more general nature, v7z., the 
transfer of the ARPPR group! to compounds structurally related to nico- 
tinamide, resulting in the formation of DPN analogues. Depending on 


‘the nature of the acceptor molecule, the resulting analogue may or may 


not be active in oxidation-reduction reactions. Recent evidence for the an- 
tituberculous activity of isonicotinic acid hydrazide (INH) (2—4) and related 
compounds led us to test them in the DPNase system, and INH was in- 
deed found to be 10 times more potent than nicotinamide as an inhibitor of 
the beef spleen enzyme. In this paper data are reported concerning the ef- 
fect of INH on DPNases from various sources, together with suggestive 
evidence for the formation of the INH-analogue of DPN. More defini- 
tive evidence on the latter point is presented in the following (5). Pre- 
liminary notes on this subject have recently been published (6, 7). 


Materials 


The DPN was obtained from the Sigma Chemical Company; as assayed 
in this laboratory with aleohol dehydrogenase and ethanol it was usually 


*Contribution No. 64 of the McCollum-Pratt Institute. Aided by grants from 
the American Trudeau Society Medical Section of the National Tuberculosis Associa- 
tion, the American Cancer Society as recommended by the Committee on Growth of 
the National Research Council, the Williams-Waterman Fund, and the Rockefeller 
Foundation. 

t Present address, Department of Microbiology, The University, Reading, Berk- 
shire, England. 

‘The DPN structure will be schematically written as ARPPRN where A is ade- 
nine, R is ribose, P is phosphate, and N is nicotinamide. ARPPR represents adeno- 
sine. 
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80 to 85 per cent pure. Crystalline yeast aleohol dehydrogenase was pre. 
pared according to the procedure of Racker (8). DPN labeled with (# 
in the nicotinamide moiety (—C™YONH,), the purified beef spleen enzyme, 
the paper chromatography techniques, and the radioactive assays were all 
as described in a previous paper (1). 

Tissue homogenates were prepared by 2 minutes treatment in a cold 
Waring blendor; the medium was either water or 0.1 M phosphate buffer, 
pH 7.4, and had no effect on the DPNase activity of the homogenate. A 
unit of DPNase is defined as that amount which will cause the splitting of 
1 um of DPN in 1 hour. 

The Escherichia coli and Lactobacillus arabinosus cells were grown on 
media described by Wang et al. (9) and Wang and Lampen (10), respee- 
tively. Achromobacter fischeri cells were kindly supplied by Dr. J. W. 
Hastings. We wish also to thank Dr. R. DeMoss for the Pseudomonas 
lindnert and Dr. L. E. Rhuland for the Mycobacterium tuberculosis 607 
organisms. The BCG cells were generously furnished by the Research 
Laboratories of E. R. Squibb and Sons. We wish also to thank Dr. A. 
Goldin for the mouse lymphosarcoma (S-180). 


Methods and Results 
Effect of INH, Nicotinamide, and Related Compounds on Beef Spleen DPNase 


With a purified beef spleen DPNase, prepared as described previously 
(1), 1 & 10°-*m INH was found to cause a 50 per cent inhibition of the rate 
of DPN disappearance; assay of the DPN either by the cyanide reaction 
(11) or by aleohol dehydrogenase yielded similar results with respect to the 
INH inhibition. As 1.5 & 10-* m nicotinamide is required to cause 50 
per cent inhibition of this enzyme (1), INH appears to be a particularly 
potent inhibitor. This effect of INH is relatively specific; such compounds 
as nicotinic acid hydrazide, N'-methylisonicotinic acid hydrazide, nicotinic 
‘acid, and isonicotinic acid have little effect on the enzyme. The results 
obtained with these and other compounds are given in Table I. The only 
other inhibitors which were encountered were isonicotinamide,? which was 
about as effective as INH, and the N-isopropy! derivative of INH (substi- 
tuted at the terminal hydrazine N), imidazolecarboxamide, and thiazole- 
carboxamide, which have a potency similar to that of nicotinamide. 


Species Specificity of DPNases with Respect to INH Sensitivity 


Examination of the effect of INH on the DPNases obtained from sources 
other than beef spleen soon revealed a curious species specificity; thus, for 
example, while the crude homogenates of beef spleen and brain were in- 
hibited by more than 50 per cent by 7.5 X 10-4 m INH, the corresponding 


2 The data for this compound, not shown in Table I, will be presented elsewhere. 


Or 
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5 X m phosphate bu 


total volume of 0.6 ml. 
by the change in E40 caused by the addition of aleohol dehydrogenase. 


TABLE I 
Effect of Nicotinamide and Related Compounds on Purified Beef Spleen DPNase 
1 unit of enzyme was incubated for 10 minutes at 37° with 0.36 um of DPN and 


values were obtained by adding the DPNase after the GEN. 


ffer, pH 7.4, with and without addition of the inhibitor in a 


After addition of 3.0 ml. of GEN,* the DPN was assayed 
Zero time 


| | 
Compound Concentration Compound Concentration 5 
3 | 3 
1. / \cONH: 1.5 X 10-3 50) 9. (5X 10% 20 
N NZ 
2 
2. 1x 10* | NHNH, 2x107 | 0 
3. 1 xX 10°? 0 
3 
L 1l. N 5 X 107 47 
4 COOH 1x 10% | 15 NH 
12. 5X 10-3 | 
N /CONH: 
5. Nicotine 5 xX 0 
13. 2x10? 0 
6. 1x10? | 10 CONHNH2 2x 10-3 
O;H 
N 
14. CONHNH: 6.7 < 1074) 95 
3 
1x 10 | 52 
5x 10-5 | 35 
10-5 13 
3] 
Me 
15. CONHNH-- 1 xX 10°? 76 
3 
8. N CONH, 5 X 107 0 CH(CH:3)>2 2x 10 50 
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TaBLE I—Concluded 


Compound Concentration 5 Compound Concentration 3 
M 
16. CONHNH: 2x 10- | 20/18. 
+ 
N 
| 
CH; 
17. CONHNH: 2X 10-3 0 


We gratefully acknowledge help from the following companies for the supply of 
the various compounds as indicated: Compounds 7, 8, 9, 11, 12, 14, and 15 from 
Merck and Company, Inc.; Compounds 14, 15, 16, 17, 18, and 19 from E. R. Squibb 
and Sons; Compounds 8 and 13 from Sharp and Dohme, Inc. The remaining com- 
pounds were supplied by the usual chemical supply houses. 

* GEN consisted of 0.5 m ethanol and 0.02 m nicotinamide in 0.1 m glycine-NaOH 
buffer, pH 9.5, and was used for the spectrophotometric determination of DPN 
with alcohol dehydrogenase; the nicotinamide was added to help stop the DPNase 
reaction on dilution of the reaction mixture with buffer at pH 9.5. 


tissues of the rat and mouse were relatively unaffected by 2.5 K 10-2? m INH. 
The results obtained during a survey of various species are presented in 
Fig. 1; the ruminants and birds tested appear to have ‘‘INH-sensitive” 
DPNases, whereas the remaining species examined are apparently insensi- 
tive. Despite these variations with respect to INH, the sensitivity to 
nicotinamide is approximately constant in most of the species. In a 
mixing experiment, the results of which are shown in Table II, the presence 
of mouse spleen (‘‘INH-insensitive’’) had no effect on the sensitivity of 
the ‘““INH-sensitive”’ lamb brain, indicating that the lack of effect of INH 
on mouse spleen was not due to its destruction by this tissue. These results 
also exclude the possibility that the sensitive lamb brain was converting 
the INH to an active inhibitor, since the splitting of DPN by mouse spleen 
in the presence of INH was the same, both in the presence and in the ab- 
sence of lamb brain. 

A number of compounds related to nicotinamide and INH were tested 
for species specificity. The results in Table III indicate that, while the 
N-isopropyl derivative of INH follows the same pattern of INH itself, 
thiazolecarboxamide is apparently non-specific. Isonicotinamide exhibits 
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FROG | HUMAN | NEURO. 
16° 16% 16°16" 107 10° 
INHIBITOR CONCN. (mM) 


Fic. 1. Effect of nicotinamide and isonicotinic acid hydrazide on DPNase from 
various sources. Preparations of animal tissue were all crude 10 per cent homog- 
enates; the Neurospora enzyme was a partially purified preparation (1). Assay con- 
ditions as in Table I. The volume of enzyme was such that about 50 per cent of the 
DPN was split in 10 minutes in the sample without inhibitor. For most species 0.1 
ml. of a 10 per cent homogenate of brain and 0.04 ml. of a homogenate of spleen were 
used. The volumes of mouse lymphosarcoma and human prostate homogenates 
were 0.1 ml. of a 20 per cent and 0.1 ml. of a 10 per cent homogenate respectively. 
Solid curves, nicotinamide; broken curves, INH; O, brain; @, spleen; ©, human 
prostate; ©, mouse lymphosarcoma. 


TABLE II 
Inhibition of Lamb Brain-Mouse Spleen Mizture by Isonicotinic Acid Hydrazide 
0.85 ml. of reaction mixture contained 0.9 X 10-?m DPN and 5 X 10°? m phosphate 
buffer, pH 7.4. The enzymes were 10 per cent homogenates in 0.1 mM phosphate 
buffer, pH 7.4. Incubated 20 minutes at 37°. DPN assayed by yeast alcohol de- 
hydrogenase. 


No INH 2.5 X 103m INH 
0.08 0.08 | 0.08 0.08 
Mouse spleen, ml.................... 0.05 | 0.05 0.05 | 0.05 
53 41 95 3 46 42 
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TaBLeE III hat 
Effect of Compounds Related to Isonicotinic Acid Hydrazide and Nicotinamide on A. 
DPNases from Various Species five 
Assay conditions as in Fig. 1. sul 
DI 
’ Compound | Source of DPNase | Concentration | tahiti. the 
| 
| M | per cent 
N Purified beef spleen en- 5 X | 84 
| zyme «| | 
/CONH Beef brain 1X 10? | 
| 2 10-4 | 
Rabbit brain an 
Horse brain 1x 103 | 8B ni 
| | wi 
Purified beef spleenen- 1X 10? | 76 
| 2x10 | 50 
| Duck brain 3X 10°3 78 as 
Human prostate 2x 107 | 0 ca 
brain | 2X 10% | 0 at 
| | b 
CONH-NH, Purified beef spleen en- 2X 103 0 
| | th 
N Pig brain 2x10? 
| | | | . 
N% 
| | | W 
| Pig brain | | 0 
| | 
Pa O.H | Beef brain | 1X 10°? 0 f 
| Pig brain 2x10? |; 0 
| | 
N7 | 
| } 
_NHNH:, Purified beef spleen en- 2 X 10% 0 
zyme | 
Pig brain 2x 10° 0 
} i 


the same species specificity that INH does. Table III also shows that 
compounds which fail to inhibit INH-sensitive enzymes also fail to inhibit 
the INH-insensitive DPNases. 

DPNases in Bacterial Species—Extracts of a number of microorgan- 
isms, prepared either by grinding with alumina or by sonic oscillation, 
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have been tested for DPNase activity. FE. coli, L. arabinosus, P. lindnert, 
A. fischeri, and M. tuberculosis 607 all gave negative results. In one out of 
five preparations of alumina extracts of frozen cells of BCG a positive re- 
sult was obtained, and the splitting of DPN was identical whether the 
DPN was assayed by alcohol dehydrogenase or by cyanide, indicating 
that pyrophosphatase activity (11) was absent. In this one experiment 
3x 10-*m INH had no effect on DPN disappearance. 


Inhibition of ‘‘INH-Sensitive’’?’ DPNases by INH 


Search for Direct Evidence for Analogue Formation—The possibility ex- 
isted that the inhibition of the beef spleen enzyme by INH might be due to 
an exchange reaction entirely analogous to that already demonstrated with 
nicotinamide. If this were the case, however, the INH analogue of DPN 
would be formed, and, if this produced a similar increase at 340 mu as DPN 
in the alcohol dehydrogenase assay system, then the net result would appear 
as an inhibition of the DPNase. Numerous experiments were therefore 
carried out in an attempt to detect the predicted analogue by paper chrom- 
atography, in incubation mixtures which contained DPN, INH, and the 
beef spleen enzyme; the results, however, were uniformly negative. Al- 
though the behavior of the material remaining after incubation was chro- 
matographically and enzymatically like that of unchanged DPN, the pos- 
sibility remained that this material, which we shall call the ‘apparent 
DPN fraction,” might contain an enzymatically active INH analogue 
which was not separable from DPN with the solvent system used. Evi- 
dence for analogue formation was, therefore, further sought by using labeled 
DPN (C" in the nicotinamide moiety), for, should such enzymatically 
“active” analogue formation take place, the specific activity of the ap- 
parent DPN fraction would decrease, and, further, counts would disappear 
from the apparent DPN fraction (being liberated as free labeled nicotina- 
mide). The C'%-DPN and phosphate buffer were incubated with (1) 
enzyme, (2) enzyme and 5 X 10-? M nicotinamide, (3) enzyme and 5 X 107% 
mM INH, and (4) boiled enzyme. At the end of the 2 hour incubation period 
aliquots were analyzed for DPN with alcohol dehydrogenase and ethanol, 
and aliquots of the remainder were chromatographed on paper with etha- 
nol-0.1 N acetic acid (1:1) as solvent system (1). The apparent DPN spots 
were eluted with water and aliquots assayed for DPN by alcohol dehydro- 
genase and further aliquots for counts. The results in Table IV indicate 
that, when the incubation was carried out in the presence of 5 X 107° M 
INH, the per cent of total counts disappearing from the apparent DPN 
spot (relative to the boiled enzyme control) agrees well with the per cent 
DPN disappearing during the incubation as assayed by alcohol dehydro- 
genase. In the presence of 5 X 10-? mM nicotinamide, however, the loss of 
total counts is far in excess of the DPN disappearance. Furthermore, 
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while incubation with INH has a negligible effect on the specific activity 
of the eluted apparent DPN, incubation with nicotinamide decreases it by 
about 60 per cent. These data strongly suggested that, while the exchange 
reaction was readily occurring with nicotinamide, INH was not incorpo- 
rated to any detectable degree by the beef spleen enzyme. 

In this connection, it is of interest to mention that, while the “INH- 
sensitive” beef brain enzyme has been shown to catalyze the incorporation 
of C-labeled nicotinamide (6 X 10~ M in the reaction mixture), the pres- 
ence of 2.5 X 10-? mM INH inhibits this incorporation by about 75 per cent; 


TABLE IV 


Release of C'4-Labeled Nicotinamide from Labeled DPN in Presence of Unlabeled 
Nicotinamide or Isonicotinic Acid Hydrazide 


The incubation mixture contained 1.91 um of DPN (9500 c.p.m. per um), 5 X 10°? 
M phosphate buffer, pH 7.4, 3.4 units of enzyme (beef spleen homogenate, dialyzed 
and centrifuged), and nicotinamide and INH as indicated. Total volume, 1.2 ml.; 
2 hours incubation at 37°; 0.9 ml. aliquots chromatographed. Results expressed per 
1.2 ml. of reaction mixture. See the text for the procedure. 


DPN split, 2 hr. incubation, %f......... 100 24 24 0 
DPN in eluted DPN spot, um............ 1.24 1.31 1.87 
Total activity in eluted DPN spots, c.p.m. 4800 13,400 18,900 
Counts disappearing from DPN spot rela- 
tive to boiled enzyme control, %...... 75 29 
Specific activity of eluted DPN, c.p.m. 


* Enzyme at 100° for 10 minutes. 
t Determined by alcohol dehydrogenase reaction. 


at 2.5 X 10-*m INH this inhibition is reduced to about 30 per cent. While 
these results would have been readily explainable in terms of INH analogue 
formation, the failure to demonstrate analogue formation made it necessary 
to investigate further the nature of the inhibition of DPNases by INH. 
Reversibility of INH Inhibition—The reversal of the inhibition of lamb 
brain DPNase by INH can be demonstrated by dilution. 2.2 ml. of a 10 
per cent homogenate of lamb brain in 0.1 m phosphate buffer, pH 7.4, and 
0.2 ml. of DPN solution (50 mg. per ml.) were incubated with 8 X 10‘ M 
INH at 37°, and the rate of disappearance of DPN was followed by assay 
of suitable aliquots with alcohol dehydrogenase. After 40 minutes, 0.1 ml. 
was added to a mixture of 1.0 ml. of DPN (4 mg. per ml.) and 3.9 ml. of 
0.1 M phosphate buffer, pH 7.5, and the incubation at 37° and DPN analysis 
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continued. A reaction mixture without INH served as the control. The 
results (Table V) clearly demonstrate the reversible nature of INH inhi- 
bition of the lamb brain DPNase. 

A similar conclusion was reached from experiments in which the particu- 
late enzyme in an INH-inhibited system was centrifuged and washed with 
phosphate buffer; the inhibition due to INH disappeared with this treat- 


ment. 


TABLE V 
Reversal of Isonicotinic Acid Hydrazide Inhibition by Dilution 
See the text for details. 


No INH INH 
pM pM per cent 
DPN split in first 40 min.................. 10.00 1.73 83 
DPN split in 80 min. after diluting 50-fold. . 1.32 1.23 7 
TaBLE VI 


Effect of DPN Concentration on Inhibition by Isonicotinic Acid Hydrazide 


Before addition of the enzyme, the pH of the reaction mixture was adjusted to 
7.5 with 0.1 Nn KOH. 4.8 units of purified beef spleen enzyme were then added 
and the pH read at 1 minute intervals for 10 minutes. Total volume, 1.0 ml.; tem- 
perature 25°. Rate of fall of pH determined graphically. 


Initial rate of fall, pH wnits per min.....| 0.118 0.030 0.045 0.015 
Inhibition by INH, %. 75 67 


Relationship between DPN Concentration and Inhibition by INH—As the 
inhibition of the beef spleen enzyme by nicotinamide has been shown to be 
non-competitive with respect to DPN (1), it was of interest to determine 
whether this was also the case with INH. The hydrolytic cleavage of 
DPN at the nicotinamide-ribose bond releases a hydrogen ion to the me- 
dium, and this fact has been used by MclIlwain and Rodnight (12), and 
later in this laboratory (1), to follow the splitting of DPN by DPNase 
manometrically. The same principle has been used to follow the splitting 
of DPN by beef spleen enzyme potentiometrically (glass electrode) in an 
unbuffered system, and the results obtained with and without INH are 
shown in Table VI. The rate of fall of pH was linear over at least the 
first 4 minutes. The lower rate of fall of pH in the control at the high 
DPN level is presumed to be due to the buffering capacity of DPN itself 
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at this high concentration (1). Since the results clearly indicate that a 
25-fold increase in the DPN concentration (from 7 to 175 & 10-4 m) has 
little effect on the inhibition caused by 3 X 10-4 m INH, it was concluded 
that the INH inhibition is non-competitive with respect to the DPN. In 
a subsequent experiment, however, it was observed that when the DPN 
was present at a very low concentration (about 10-5 m) the INH appeared 
to be a much less potent inhibitor than when DPN was present at the con- 
centration routinely being used, viz. 6 *K 10-4 m. In order to determine 
such low concentrations of DPN the alkaline fluorescence method of Kaplan 
et al. (13) was used, and a more detailed analysis of this observation yielded 
the results presented graphically in Fig. 2. These indicate that, while the 
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Fig. 2. Effect of DPN concentration, 5 to 80 X 10-6 M, on inhibition by isonico- 
tinie acid hydrazide and nicotinamide. The incubation mixture contained 5 X 10 
M phosphate (pH 7.4), 0.4 ml. of a 1:30 aqueous homogenate of beef spleen, and either 
10-4 m INH or 2.5 X 107-3 m nicotinamide in a total volume of 2.4 ml.; temperature, 
37°. Aliquots for DPN assay added to 5 N NaOH, heated at 100° for 10 minutes, 
cooled, and fluorescence measured. 


degree of inhibition caused by 2.5 X 10-* m nicotinamide is independent of 
the DPN concentration, that caused by 10-4 m INH is directly proportional 
to the DPN concentration at the lower Jevels, but becomes constant at the 
higher levels (see also Table VI). These results thus strongly suggested 
that some interaction between DPN and INH might indeed be occurring 
under the influence of beef spleen enzyme, resulting perhaps in the forma- 
tion of the INH analogue of DPN. Although such an analogue, if formed, 
has escaped detection by the methods thus far applied, it may, nevertheless, 
be the actual inhibitor of the ‘““INH-sensitive” enzymes. Evidence for the 
formation of such an analogue by the ‘““INH-insensitive” enzymes is given 
in the following sections. 


Evidence for Analogue Formation by ‘‘INH-Insensitive” DPNases 


In view of the antituberculous activity of INH, it was of particular in- 
terest to determine the sensitivity of human tissue DPNases to the INH 
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As shown in Fig. 1, both the human spleen and prostate enzymes were 
remarkably insensitive to INH, but showed normal inhibition by nicotina- 
mide. During these tests, however, a yellow color was produced on addi- 
tion of an aliquot of an incubated reaction mixture originally containing 
DPN, INH, and enzyme, to the GEN?* at pH 9.5 for the DPN assay. Fur- 
ther investigation revealed that this yellow color at pH 9.5 was produced 
only when the reaction mixture contained all three components, DPN, 


a a 
0) 30 60 90 120 


MINUTES 


Fic. 3. Time relationship between DPN disappearance and formation of yellow 
color in human prostate homogenates. 7.2 ml. of reaction mixture contained 5 X 
10°? m phosphate (pH 7.4), 6 X 10-4 m DPN, 2 X 10°? m INH, and 3.0 ml. of 10 per 
cent aqueous prostate homogenate. Incubation at 37°. 0.6 ml. aliquots added to 
3.0 ml. of GEN and the extinction at 390 my (£399) observed, as well as the extinction 
change at 340 my (E340), on addition of crystalline yeast alcohol dehydrogenase. 
O, change in E399 with time; @, change in E349 with time. Nicotinamide (final 
concentration 2 X 10-2 mM) was added after 20 minutes incubation in a similar ex- 
periment; E399 change; am, E349 change. 


INH, and enzyme, and, further, that it occurred only when DPN (as as- 
sayed by alcohol dehydrogenase) disappeared during the incubation. No 
color was produced if the INH was added at the end of the incubation, 
when all the DPN had been split, and, with such a mixture in the blank cell 
of the spectrophotometer against a reaction mixture containing the yellow 
product, a peak absorption at 390 mu was found. 

The results of a more quantitative analysis of the phenomenon are shown 
graphically in Fig. 3 where the rate of DPN disappearance was followed 
simultaneously with the formation of the yellow product (measured at pH 
9.5) by the human prostate. A direct relationship exists between disap- 
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pearance of DPN and formation of the yellow color, and the dependence of 
production of the yellow compound on DPN disappearance is further dem- 
onstrated by the addition of nicotinamide after 20 minutes to an identical 
reaction mixture. As shown in Fig. 3, this arrests both phenomena simul- 
taneously. 

Similar results with respect to the production of yellow compound have 
been obtained with other ‘‘INH-insensitive” DPNases, e.g., human spleen, 
horse brain, and pig brain, but not with the Neurospora enzyme (14), and 
it would appear that this might well be a common property of “insensitive” 
animal enzymes. 

It is perhaps significant that other structurally related hydrazides do not 
cause any increase in absorption at 390 mu when incubated with DPN and 
the pig brain enzyme; they also have no inhibitory effect on the rate of 
DPN disappearance. This is true for nicotinic acid hydrazide and pyrimi- 
dine-+-carboxylic acid hydrazide, as well as for phenylhydrazine, all tested 
at 2X 10°? mM. Whether these results are due to the fact that the com- 
pounds simply do not react or to formation of a compound with no ab- 
sorption at 390 my cannot be decided from these data alone. However, 
recent experiments with nicotinic acid hydrazide support the former view, 
since this compound, in contrast to INH, fails to prevent the appearance 
of ARPPR during DPN breakdown by pig brain. 


Spectral Changes with INH and N'-Methyl-INH 


In order to assess the significance of the production of yellow color in 
alkali due to a compound with a peak absorption at about 390 mu, the 
spectral changes caused by raising the pH of solutions of INH and N'- 
methyl-INH were investigated, the latter serving as a model compound for 
the predicted analogue. At pH 1, 7.5, and 9.5, INH itself shows only very 
slight light absorption at 390 my, the millimolar extinction coefficients 
- being 0.004, 0.008, and 0.016, respectively. An aqueous solution of N'- 
methyl-INH, however, immediately becomes yellow on addition of alkali, 
a new peak appearing at 380 my, and the millimolar extinction coefficient 
rises from 0.4 at neutrality to 4.9 in 0.1m NaOH. This spectral change is 
illustrated in the accompanying paper (5). 


DISCUSSION 


The observation of the curious species specificity of the animal DPNases 
with respect to INH inhibition is a unique finding. It is possible that both 
the “sensitive” and “insensitive” systems react in the same manner to the 
INH and form an INH analogue of DPN. In the case of the “insensitive” 
systems, the data presented here and in the following paper (5) indicate 
that such an analogue is formed and accumulates in large amounts. In 
the case of the “‘sensitive’”’ system, although no direct evidence for analogue 


fo 

inc 
re 
the 

th 
the 

IN 
Ak 
nic 

wit 

de 
ins 

| 
| D 
: of 
th 

| of 
at 

a 
ec 
in 
bs 
in 

b 

t! 

h 

V 

t 


ZATMAN, KAPLAN, COLOWICK, AND CIOTTI 465 


formation has been obtained, the observed increase in INH inhibition with 
increasing DPN concentration suggests that a small amount of such an 
analogue may actually be synthesized, but, once formed, it may remain on 
the active site of the enzyme and neither be split nor released. It would 
thus block access of further DPN to the active site on the enzyme and 
thereby behave as a potent inhibitor. Another possible mechanism for the 
INH inhibition might be that a complex of the Michaelis type between 
ARPPR-enzyme and INH is formed and that INH may be bound to the 
nicotinamide site on the enzyme. Such a complex would make the pre- 
viously proposed ARPPR-enzyme intermediate (1) unavailable for reaction 
with either water or nicotinamide. This possibility will be discussed in 
detail in a subsequent paper. 

Although the Neurospora DPNase falls into the category of the “‘INH- 
insensitive’? enzymes, it produces no trace of analogue even at very high 
INH concentrations. This would be the expected result if the mode of 
action of this enzyme is fundamentally different from that of the animal 
DPNases, as was suggested by the inability to demonstrate incorporation 
of C4-labeled nicotinamide (1). 

The successful demonstration of DPNase activity in a BCG extract, 
though in only one experiment, is also of interest, in view of the known action 
of INH as an inhibitor of growth of this organism. The insensitivity of 
the DPNase of BCG to INH was noted before the discovery of absorption 
at 390 my in alkali produced by the “insensitive’? DPNases. No data are 
available to determine whether the BCG extract will catalyze what is now 
considered to be analogue production, but this possibility 1s now being 
investigated. However, as far as explaining the antituberculous action of 
INH is concerned, analogue formation by the host tissues, if not by the 
bacterium itself, might conceivably provide an answer. It should be kept 
in mind that other systems such as transaminases or amino acid decar- 
boxylases (by virtue of the structural relationship of INH to pyridoxal 
phosphate (15)) may also play an important rdéle. 

The INH structure is relatively specific with respect to the inhibition of 
the “sensitive”? enzymes, such a closely related compound as nicotinic acid 
hydrazide having no effect. Furthermore, it has been found that nicotinic 
acid hydrazide is not incorporated into DPN by the ‘“INH-insensitive’’ 
enzyme from pig brain. The above findings are of considerable interest, 
particularly since nicotinic acid hydrazide is not inhibitory to the tubercu- 
losis organism. It is possible that the ‘““(INH-sensitive” system may pro- 
vide some index for antituberculous activity of compounds related to nico- 
tinamide. However, it should be recalled that isonicotinamide, which has 


no effect on the growth of the tubercle bacillus in vitro, is nevertheless 
similar to INH in its action on both the sensitive and insensitive DPNases. 
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SUMMARY 


1. Isonicotinic acid hydrazide has been shown to be a 10 times more 
potent inhibitor of beef spleen DPNase than is nicotinamide. As in the 
case of nicotinamide, this inhibition is reversible. 

2. The INH inhibition increases with increasing DPN concentration, 
suggesting an interaction between DPN and INH. The INH inhibition 
becomes independent of DPN concentration (non-competitive) at satura- 
ting DPN levels, whereas nicotinamide inhibition is non-competitive at all 
DPN levels. 

3. An unusual species specificity among the animal DPNases has been 
observed, the enzymes of the birds and some ruminants examined being 
highly sensitive to INH, while those of other animals tested are relatively 
insensitive. The Neurospora enzyme is also insensitive. 

4. A number of other compounds have been tested on the INH-sensitive 
and insensitive DPNases. Nicotinic acid hydrazide has no inhibitory ef- 
fect on either the sensitive or insensitive enzymes. 

5. Evidence is presented for the formation of an INH analogue of DPN 
by the “INH-insensitive” animal DPNases, this analogue having a single 
peak absorption at 260 my in neutral solution, but acquiring a yellow color 
and a second peak at about 390 muy in alkali. There is no direct evidence 
for such analogue formation in the ‘‘INH-sensitive” systems. 

6. The results are discussed and some hypotheses advanced to explain 
the inhibitory effect of INH on the “‘sensitive’’ enzymes. 

7. It is suggested that formation of INH analogue may be of significance 
in explaining the clinical antituberculous activity of INH. 
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THE ISOLATION AND PROPERTIES OF THE ISONICOTINIC 
ACID HYDRAZIDE ANALOGUE OF DIPHOSPHOPYRIDINE 
NUCLEOTIDE* 


By LEONARD J. ZATMAN,ft NATHAN O. KAPLAN, SIDNEY P. COLOWICK, 
AND MARGARET M. CIOTTI 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, February 2, 1954) 


In the preceding paper (1) evidence was presented for the formation, 
by the “INH insensitive” DPNases, of an INH analogue of DPN in which 
the nicotinamide moiety of the DPN had been replaced by INH.' In the 
present paper, the isolation and characterization of the analogue are reported 
together with data concerning the properties of the analogue-synthesizing 
system. The formation of the analogue by certain animal tissue DPNases 
indicates that these enzymes have transglycosidase, as well as hydrolytic 
activity, and may function in the transfer of the ARPPR moiety of DPN 
toa variety of ribosyl acceptors. 


Materials 


Many of the materials were as described in the preceding paper (1). 
The snake venom pyrophosphatase was purified and freed of 5’-nucleotidase 
by the method of Astrachan, Wang, and Kaplan (in preparation) and the 
specific 5’-adenylic acid deaminase was prepared from muscle by the pro- 
cedure of Nikiforuk and Colowick (in preparation). The Taka-Diastase 
deaminase was prepared according to Kaplan et al. (2) and Neurospora 
DPNase according to Kaplan eé al. (3). The method of Colowick et al. (4, 
5) was used to prepare the transhydrogenase from Pseudomonas fluorescens. 
Lactic dehydrogenase and liver alcohol dehydrogenase were prepared by 
the procedures of Kornberg and Pricer (6) and Bonnichsen (7), respect- 
ively. INH analogue formation was studied with “I NH-insensitive”’ en- 


* Contribution No. 65 of the McCollum-Pratt Institute. Aided by grants from 
American Trudeau Society Medical Section of the American Tuberculosis Associa- 
tion, the American Cancer Society as recommended by the Committee on Growth 
of the National Research Council, the Williams-Waterman Fund, and the Rockefeller 
Foundation. 

t Present address, Department of Microbiology, The University, Reading, Berk- 
shire, England. | 

' The following abbreviations will be used: DPN = diphosphopyridine nucleotide, 
INH = isonicotinic acid hydrazide, ARPPR = adenine-ribose-phosphate-phosphate 
ribose, N = nicotinamide. GEN = 0.5 m ethanol and 0.02 m nicotinamide in 0.1 m 


glycine-NaOH buffer at pH 9.5 as defined in the preceding paper (1). 
467 


953). 
). 
Osp., 

hns 

1). 
51). 


468 INH ANALOGUE OF DPN 


zyme preparations from human or pig tissues. The preparation described 
below was used in most of the experiments. 

Pig Brain DPNase—20 minutes centrifugation at 20,000 X g of a 10 per 
cent aqueous homogenate of whole pig brain yielded a clear supernatant 
fluid almost completely devoid of DPN-splitting and analogue-synthegiz. 
ing activity. 10 minutes in a 10 ke. sonic oscillator (Raytheon) prior to 
the centrifugation, however, resulted in an almost 100 per cent yield of 
activity in the colloidal supernatant fluid. Ultracentrifugation (Spinco 
preparative head) of the latter at 40,000 r.p.m. revealed that activity was 
still sedimentable; the sonic treatment was adopted as a routine procedure, 
however, because the colloidal suspension was much more convenient than 
a simple particulate homogenate. 

The final procedure adopted for preparing the pig brain DPNase was as 
follows: 150 gm. of whole pig brain were blended for 2 minutes with 500 
ml. of ice water in a Waring blendor. After passing through cheese-cloth, 
the homogenate was centrifuged for 20 minutes at 20,000 X g and the pre- 
cipitate made up to 300 ml. with ice water. This was then centrifuged for 
40 minutes at 20,000 X g, after which the precipitate was suspended in 150 
ml. of ice water and treated for 15 minutes in the 10 ke. sonic oscillator 
(Raytheon). The suspension was finally centrifuged at 20,000 x g for 20 
minutes and the relatively small amount of precipitate discarded. The 
supernatant fluid, which usually contained about 20 units (1) of DPNase 
activity per ml., could be stored for at least 1 month at — 15° without sig- 
nificant loss in activity. 


Results 
Studies on Analogue-Synthesizing System 


Relationship of Concentration of DPN, DPN Disappearance, and Ana- 
logue Formation—lIncreasing amounts of DPN were incubated with a hu- 
man spleen homogenate in the presence of 2 X 10-? m INH and then 
analyzed for DPN disappearance and analogue formation; the change in 
extinction at 390 my in GEN (1) served as an index of the amount of ana- 
logue formed. The results are presented graphically in Fig. 1. Fig. 1, 4 
shows that DPN levels which are saturating with respect to DPN utiliza- 
tion are also saturating with respect to analogue formation. Fig. 1, B dem- 
onstrates the direct proportionality between DPN disappearance and ana- 
logue formation. 

Effect of INH Concentration on Analogue Formation—INH concentra- 
tions ranging from 0 to 4 X 107 m have no significant effect on the rate of 
DPN disappearance in the presence of human spleen homogenates. The 
results in Fig. 2 show that the rate of analogue formation tends toward 4 
maximum as the INH concentration is raised. From the molar extinction 
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coefficient of the analogue (see below) it can be calculated that all of the 
DPN disappearing is converted to analogue at the highest INH concentra- 
tion shown. 

Effect of Nicotinamide on Analogue Production—Data in the preceding 
paper (1) showed that addition of 2 X 10- mM nicotinamide to an analogue- 
synthesizing system abolished both DPN disappearance and analogue syn- 
thesis simultaneously. By incubating DPN, INH, and the pig brain en- 
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Fic. 1. Relation of (A) concentration of DPN and (B) DPN disappearance to 
analogue formation. 0.6 ml. of reaction mixture contained 5 X 10-? mM phosphate 
buffer (pH 7.4), 2 X 10-2 m INH, and 0.2 ml. of a 10 per cent aqueous human spleen 
homogenate, and varying concentrations of DPN from 0 to 5.4 K 10-*m. Incubation 
at 37°. Extinction at 390 mu after adding 3 ml. of GEN (1) taken as measure of ana- 
logue formation. DPN concentration determined by yeast alcohol dehydrogenase 
with the GEN assay system (1). DPN disappearance (due to hydrolysis plus ana- 
logue formation) is indicated as ‘‘DPN split.’’ 


zyme with varying concentrations of nicotinamide, a linear relationship 
has been demonstrated between the inhibition by nicotinamide of DPN 
breakdown and of analogue synthesis (see Fig. 3). This can be considered 
as evidence for the competition between INH and nicotinamide for the 
ARPPR-enzyme complex (see ‘‘Discussion”’). 

Effect of INH on Inhibition by Nicotinamide—The inhibition of DPN 
disappearance by nicotinamide during the above experiment is consider- 
ably lower than that ordinarily observed in the absence of INH, indicating 
a marked “antiinhibitory” effect of INH on the nicotinamide inhibition 
of the pig brain enzyme. The results presented in Fig. 3 indicate that, 
when 2 X 10°? m INH is present, a concentration of nicotinamide of 
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1 X 10 M is required to cause 50 per cent inhibition of DPN disappear. 
ance or 50 per cent inhibition of analogue synthesis. A concentration of 
2 X 10-* m nicotinamide, which normally inhibits the pig brain enzyme by 
50 per cent (1), has little or no effect on DPN disappearance or analogue 


0.300 
oO 0.200 F 
m 
O100rF 9 
10 20 30 40 


INH (MX102) ADDED 


Fic. 2. Effect of INH concentration on analogue formation. The reaction mix- 
ture contained 5 X 10°? m phosphate buffer (pH 7.4), 6.5 10-4 m DPN, 0.2 ml. of a 
10 per cent aqueous human spleen homogenate, and INH in varying concentration. 
Total volume 0.6 ml. Incubation for 20 minutes at 37°. Assays as in Fig. 1. 
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PERCENT INHIBITION BY NICOTINAMIDE 


Fic. 3. Relationship between nicotinamide inhibition of DPN breakdown and of 
analogue synthesis. 5 X 10-2 m phosphate buffer (pH 7.4), 6 X 10-4m DPN, 2 X 10° 
m INH, and 0.05 ml. of pig brain enzyme were incubated with concentrations of nico- 
tinamide ranging between 0 and 1 X 10-?m. Incubation for 10 minutes at 37°. DPN 
and Ex values obtained as in Figs. 1 and 2. Zero time values obtained by adding 
the enzyme to the reaction mixture after the GEN. The abscissa represents per cent 
inhibition by nicotinamide of DPN breakdown; the rate with INH alone is taken as 
the basis of comparison. INH alone, at the high concentration used, inhibited the 
DPN breakdown by the pig brain enzymes by 34 per cent (1). 
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synthesis when 2 X 10 mM INH is present. These relationships again sug- 
gest a competition between INH and nicotinamide. 

Release of Nicotinamide during Analogue Synthesis—The release of nico- 
tinamide was followed by the cyanogen bromide reaction (8) during the 
synthesis of the analogue by the pig brain enzyme. Fig. 4 indicates a 
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Fic. 4. Release of nicotinamide during analogue synthesis. 4.0 ml. of reaction 
mixture contained 20 units of pig brain enzyme, 3.6 um of DPN, 2 X 10°? mM INH, and 
5 X 10°? m phosphate buffer (pH 7.4). Incubated at 37°. Aliquots taken for E3s5 
with 0.1 N NaOH (representing analogue synthesis) and for nicotinamide determina- 
tion by the cyanogen bromide procedure. 

Fic. 5. Determination of analogue by paper chromatography. Spots 1 and 2 = 
control and experimental incubation mixtures (see the text), 3 = DPN, 4 = adeno- 
sine diphosphate ribose, 5 = nicotinamide, 6 = INH; Whatman No. 4 paper, ascend- 
ing chromatogram; solvent, 1:1 mixture of ethanol and 0.1 N acetic acid. 


constant ratio of about 0.75 between nicotinamide release and analogue 
formed. INH at the concentration used decreases the color produced by 
nicotinamide in the cyanogen bromide reaction by 23 per cent, and this 
correction has been applied in calculating the data for Fig. 4. Neverthe- 
less, the results still indicate a greater synthesis of analogue than nicotina- 
mide release, and this is presumed to be due to inaccuracy of the nicotina- 
mide or analogue estimation under these experimental conditions. The 
amount of analogue formed was calculated from its molecular extinction 
at 385 my, the determination of which is described in a later section. 
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Detection of Analogue by Paper Chromatography—0.5 ml. of 0.3 m phos. 
phate buffer, pH 7.4, 0.2 ml. of DPN (6.66 um), 1.7 ml. of pig brain en. 
zyme (17 units), and 0.6 ml. of 10-' m INH were incubated at 37° for 75 
minutes (total volume 3 ml.). A control reaction mixture was the same 
except for the omission of the INH (total volume 2.4 ml.). At zero time 
and 75 minutes, 0.05 and 0.04 ml. aliquots of the experimental and control 
mixtures, respectively, were added to 0.95 ml. of GEN and the extinction 
at 390 my noted; the increase in extinction at 340 my on the addition of 
alcohol dehydrogenase was also determined. While the /33)""™ for the con- 
trol was insignificant (—0.010), that for the experimental mixture was 
+0.435; the DPN assays indicated 98 per cent disappearance in the control 
and 90 per cent in the experimental sample during 75 minutes at 37°. 0.6 
ml. of 10-' m INH was then added to the control tube, and 0.5 ml. aliquots 
of each were streaked on Whatman No. 4 paper and chromatographed over- 
night with a 1:1 mixture of ethanol-0.1 N acetic as the developing solvent 
(9); after drying in air, the spots were detected by use of an ultraviolet 
light source. As shown in Fig. 5, the control showed two large spots, one 
at Ry 0.71 and another at Ry 0.51, while the experimental sample gave a 
large spot at R» 0.74, a very small one at 0.51, and a large one at 0.39. In 
this solvent system DPN, ARPPR, nicotinamide, and INH move with 
Ry, values of 0.44, 0.57, 0.75, and 0.75, respectively. As the DPN assay 
of the experimental mixture indicated only a very small amount of residual 
DPN at the end of the incubation period, it appeared unlikely that the 
spot at R, 0.39 could be DPN, and indeed it was found that treatment of 
a portion of the spot with 0.1 N NaOH caused a pronounced yellow color- 
ation which does not occur with DPN. Furthermore, elution of the re- 
mainder of the spot with water yielded a solution with a single strong ab- 
sorption peak at 260 my which, on addition of alkali, became yellow and 
now revealed an additional absorption peak at 385 my. This material 
gave no increase at 340 my when treated with aleohol dehydrogenase and 
ethanol in glycine buffer, pH 9.5. Both the experimental and control spots 
at R,O0.51 were eluted with water and the concentrations in the eluates 
determined by their extinctions at 260 my (millimolar extinction coefficient, 
16.0). The control spot yielded 0.80 um of ARPPR, corresponding to a 
73 per cent yield from the total initial DPN, while the experimental spot 
gave only 0.06 um, corresponding to a 5 per cent yield from the initial DPN. 
These data thus provided strong evidence for the existence of the INH- 
analogue of DPN, and its isolation and characterization were next investi- 
gated. 


Isolation and Characterization of Analogue 


Tsolation——25 ml. of reaction mixture containing 5 X 107° M phosphate 
buffer, pH 7.5, 2 X 10-2 m INH, 83 mg. of DPN (neutralized to pH 7 with 
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NaOH), and 10 ml. of pig brain enzyme were incubated at 37° for 2 hours. 
Analyses on aliquots of the mixture indicated 90 per cent disappearance of 
the DPN. 1.0 ml. of 100 per cent trichloroacetic acid (100 gm. per 100 ml. 
of solution) was then added to 20 ml. of the incubation mixture and the 
precipitated protein centrifuged and discarded. 6 volumes of cold acetone 
were added to the clear supernatant solution, and, after standing overnight 
at 40°, the precipitate was centrifuged, washed 3 times, each with 40 ml. 
of cold acetone, and the final precipitate dried in vacuo over P:O; and 
CaCl. The final yield was 45 mg. of yellow powder. 

In a subsequent preparation, 774 mg. of product were obtained from 1 
gm. of DPN. 

Effect of pH on Absorption at 385 mp—The optical density of a solution 
of the analogue in GEN, pH 9.4, was found to be only 80 per cent of the 
optical density in 0.1 N NaOH; raising the alkali concentration to N NaOH 
had no further effect. Fig. 6 illustrates the effect of pH on the light ab- 
sorption at 385 mu. From this curve it appears that the pk,’ of the chro- 
mophore is 8.8. The nature of the chromophore is not apparent. One pos- 
sibility is that the absorption at 385 my is due to hydroxy] ion addition to 
the pyridine ring (pseudo base formation). Another possibility is proton 
dissociation from the hydrazide moiety. The latter possibility is favored 
by the observation that free INH, in contrast to nicotinamide, exhibits a 
marked spectral shift in alkali. Neutral solutions show a sharp maximum 
at 260 mu (Hog = 5.9 &K 10° cm.? per mole) and alkaline solutions (0.15 N 
NaOH) have a broad band of about the same height over the range 270 to 
300 muy. 

Spectrum—In acid or neutral solution the analogue shows a single absorp- 
tion peak at 260 mu. Raising the pH has no effect on the absorption at 
260 mu, but the solution becomes yellow and now shows a second peak at 
385 mu, as in Fig. 7. This effect of alkali is reversible, addition of acid 
abolishing the peak at 385 my and further addition of alkali causing its re- 
appearance. Assuming a molecular weight of 679 and that the analogue is 
100 per cent pure, the extinction coefficients at 260 and 385 mu are 17.0 X 
10° and 4.4 X 10° cm. per mole, respectively. Correction for the 10 per 
cent DPN impurity would raise the value at 385 my to 4.9 X 10° cm. per 
mole, but would not alter the value at 260 my appreciably. As mentioned 
previously (1), the model compound N'-methyl-INH has a peak absorption 
at 380 my in alkali, with an extinction coefficient of 4.9 & 10° cm.? per mole; 
this curve has been superimposed on the analogue spectrum in Fig. 7.2 

Assay of 5’-Adenylic Acid Moiety—Addition of the specific 5’-adenylic 
acid deaminase to a solution of the analogue in 0.1 m Na citrate, pH 6.7, 
had no effect. on the absorption at 265 mu, indicating the absence of free 


*We wish to thank Dr. K. Pfister of the Research Laboratories of Merck and 
Company, Inc., for the sample of N-methylisonicotinic acid hydrazide. 
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5’-adenylic acid. Preincubation with purified snake venom pyrophospha- 
tase resulted in a rapid decrease in optical density at 265 my on subsequent 
addition of the deaminase, indicating a 5’-adenylic acid moiety bound 
through a diester linkage. 0.5 ml. of reaction mixture containing 0.3 mg. 
of analogue, 0.2 ml. of snake venom pyrophosphatase, and 0.1 m NaHCo, 
were incubated at 37°; at 0, 20, and 40 minutes, 0.05 ml. aliquots were trans- 
ferred to 0.95 ml. of 0.1 mM sodium citrate, pH 6.7, and the change in optical 
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Fic. 6 Fig. 7 


Fic. 6. Effect of pH on millimolar extinction coefficient at 385 mu of INH analogue 
of DPN. E33; equals the millimolar extinction coefficient, assuming 100 per cent 
pure analogue. 

Fic. 7. Spectra of INH analogue of DPN in water (@) and in 0.1 N NaOH (0). 
- The solution contained 0.112 um per ml. of analogue (assuming 100 per cent purity). 
A represents the spectrum of 0.1 um per ml. of N!-methyl-INH in 0.1 nN NaOH between 
300 and 440 mu. The spectrum in H.O of the N'-methyl-INH at these wave-lengths 
is identical with that of the analogue in H.O. 


density at 265 mu was measured on addition of 0.05 ml. of 5’-adenylic de- 
aminase. The zero time sample showed no change in absorption at 265 
my on addition of the deaminase, while in both the 20 and 40 minute sam- 
ples there was a decrease of 0.320 (43 per cent); identical results were ob- 
tained with a contrel in which DPN was substituted for the analogue. 
From a standard assay with 5’-adenylic acid, the change in millimolar ex- 
tinction coefficient at 265 my caused by the deaminase is — 8.7, from which 
it is calculated that 0.84 um of 5/-adenylic acid was liberated from 1 um of 
analogue (assuming 100 per cent purity). 

Effect of Taka-Diastase Deaminase—0.09 mg. of analogue was incubated 
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at 37° with 0.3 ml. of Taka-Diastase deaminase (2) in 0.1 m phosphate 
buffer, pH 7.0. ‘This enzyme is known to deaminate the adenine moiety of 
intact DPN and related compounds (2). Measurements of the optical 
density at 265 my over a period of 90 minutes showed approximately the 
same rate of decrease as a control in which DPN was substituted for the 
analogue, and in both cases the optical density decreased by 36 per cent 
over the 90 minute experimental period. This provided further evidence 
fora DPN-like structure. 

Assay of [NH Moiety—The INH moiety of the analogue was determined 
by adapting the method of Cuthbertson and Ireland (10). 0.03 ml. of 
5 per cent ammonia*® (5 gm. of NH; per 100 gm. of solution) was added to 
3.0 ml. of 1.5 per cent ethanolic picryl chloride, followed, after mixing, by 
an aliquot of INH solution. The mixture turns red-brown in color, and an 
absorption peak at 530 my appears, the optical density reaching a maxi- 
mum in 15 minutes; the millimolar extinction coefficient of the pigment at 
530 mu is 22.0. When N!-methyl-INH is used, however, the maximal ab- 
sorption at 530 muy is reached within 2 minutes and the millimolar extinc- 
tion coefficient is 12.7. Addition of 0.09 mg. of analogue to the picryl 
chloride-NH; mixture gave a maximal E53) of 0.488, which was reached 
within 2 minutes. From these data it was calculated that 1 um of analogue 
(assuming 100 per cent purity) contains 0.88 um of an N'-substituted INH 
moiety. 

Data are also reported below which show an increase in the color with 
picryl chloride-NH; on hydrolysis of the analogue by acid, as would be 
expected from the respective extinction coefficients of the complexes of the 
free INH and the model compound N'-methyl-INH with the picryl chlo- 
ride-NH;. The demonstration that free INH can be identified chroma- 
tographically (see below) after hydrolysis of the analogue gives further evi- 
dence for the INH moiety in the analogue. 

Nicotinamide and DPN Content of Analogue—1.5 XK 10~ m analogue in 
3.0 ml. of GEN (1) caused an increase in extinction at 340 mu of 0.082 
on addition of alcohol dehydrogenase. Analysis for nicotinamide by the 
cyanogen bromide reaction showed 0 nicotinamide before and 0.11 mole 
per mole of analogue after treatment with n KOH for 60 minutes at 25° 
(11). These data suggest an impurity of 10 per cent DPN in the analogue 
preparation. This DPN can be removed by incubation with Neurospora 
DPNase, which does not attack the analogue (see below). The analogue 
can then be collected on a Dowex 1 ion exchange column (formate form) 
and eluted with a mixture of 0.1 N formic acid and 0.1 N sodium formate in 


equal proportions. In this manner, the analogue can be obtained free from 
DPN. 


. The concentration of NH; is fairly critical; thus 0.06 ml. of 5 per cent NH; causes 
Precipitation within 3 minutes. 
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Summary of Analytical Data—The above data, together with the results 
of analyses for the ribose and phosphate moieties of the analogue, are sum. 
marized in Table I. The values obtained for the respective moieties are 


+ 
thus consistent with a structure ARPPR(INH) for the analogue. 

Paper Chromatography—The analogue moves as a single spot when 
chromatographed with equal volumes of ethanol and 0.1 N acetic as the 
developing solvent (9). It ascends with an Ry of 0.40 compared with R, 
0.44 for DPN, RFR, 0.75 for INH and nicotinamide, and R- 0.57 for ARPPR. 
It produces a permanent red-brown coloration, very similar to that given 
by INH itself when streaked with ethanolic picryl chloride and treated 
with ammonia vapor and acetic acid vapor according to the method of 


TaBLe [ 
Analysis of Analogue 


Values in moles per mole of analogue (assuming 100 per cent pure analogue, 
mol. wt. 679). 


| | N'-sub-| 5’-Ad- Nico- 
Ribose* | P stituted enylic tin- DPN 
| | INH acid §amidet 
+ | | 
Calculated for ARPPR (INH).......... | 2.0 | 2.0 1.0 1.0 0 0 
| 2.2 | 2.1 | 0.88 0.84 | 0.11 0.09 


* Determined by the orcinol method described by Taylor et al. (12), 60 minute 
heating period. Standard, free ribose (12). 

t Released by treatment with Nn NaOH for 60 minutes at 25°. No free nicotin- 
amide was present. 


Cuthbertson and Ireland (10). DPN, nicotinamide, and ARPPR give a 
negative picryl chloride test, while N-isopropyl-INH (substituted in the 
terminal hydrazine N) yields a red-brown color after the ammonia vapor, 
but this tends to disappear on treatment with the acetic acid vapor. On 
treatment with ammonia vapor alone, the analogue spot gives a slight 
yellow-brown coloration, while streaking with 0.1 N NaOH produces a 
strong yellow color; neither of these tests is given by DPN or INH. 
Effect of Heating in Acid and Alkali—Samples containing 0.8 ym of ana- 
logue in 0.5 ml. of water, N HCl, or N NaOH were heated at 100°, and at 0, 
15, 30, and 45 minutes 0.07 ml. aliquots were transferred to 1.0 ml. of N 
NaOH and the optical density at 385 mu measured. The change in Fs 
relative to the reading for the zero time sample indicated the degree of 
destruction of the analogue (see Table II). The analogue, like DPN, is 
less stable to alkali than to acid. It is of interest to note that, if hydrolysis 


of the analogue cleaves the pyridinium N—C bond liberating free INH, 
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then such hydrolysis should almost double the extinction at 530 my ob- 
tained on addition of picryl chloride and ammonia, as described in a pre- 
vious section; this is a consequence of the ratio (1.7) of the millimolar ex- 
tinction coefficients of the complexes of INH/N-CH3INH absorbing at 530 
This was indeed found to be the case: 1.32 um of analogue in 0.3 ml. of 
x HCl were heated at 95° for 30 minutes, and at 0 and 30 minutes 0.06 ml. 
aliquots were transferred to 3.0 ml. of N NaOH for determination of ana- 
logue concentration by the extinction at 385 mu, and 0.03 ml. aliquots were 
treated with 3.0 ml. of picryl chloride-NH; reagent for readings at 530 mu. 
In the 30 minute experimental period 88 per cent of the analogue disap- 
peared, while the 530 my reading increased 1.5 times (corrected for 10 per 
cent destruction of INH by the hydrolysis, as determined in a control). 


TABLE II 
Lability of Analogue to Acid and Alkali at 100° 
Splitting measured by decrease in extinction at 385 mu of alkalized aliquots (see 
the text). 


Per cent splitting of analogue 


Time at 100° 
Water | HCI | NaOH 
min. | | | 
15 | 42 | 78 | 90 
30 | 6-4 | 90 | 100 
45 | SO 100 | 100 


The release of free INH by acid hydrolysis of the analogue can also read™ 
ily be demonstrated chromatographically. 0.4 ml. of reaction mixture con- 
taining 4.0 um of analogue, and N HCl were heated at 100° for 30 minutes; 
80 per cent of the analogue was destroyed as determined by the optical 
density of aliquots in N NaOH at 385 muy. A 0.25 ml. aliquot was chromat- 
ographed on paper with ethanol-acetic acid developing solvent. The re- 
sults in Fig. 8 show that, while the untreated analogue gave a single spot 
positive to the picryl chloride test at Ry 0.40, a single positive picryl chlor- 
ide spot appeared at R» 0.72 with the hydrolyzed sample, corresponding 
to free INH, plus a spot detectable with ultraviolet light, presumably rep- 
resenting the adenine moiety of the analogue. Free INH, whether treated 


with N HCl at 100° for 30 minutes or not, has an RP ¢ of 0.72. 

Effect of Reducing Agents on Analogue—The results of some preliminary 
experiments with chemical reductants indicate that sodium hydrosulfite 
almost completely abolishes the absorption at 385 my. Sodium borohy- 
dride (13) also causes the solution to become decolorized, and the peak at 
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385 muy is replaced by a slight peak at about 340 my, which may be due to 
reduction of the DPN impurity. Further investigation of these effects js 
now being carried out. 

Effect of Cyanide and Bisulfite on Analogue—m KCN gives rise to a peak 
at 325 my with DPN (14). The analogue, however, has a spectrum with 
a peak at 395 my, which takes the form of a typical curve for the analogue 
in alkali, but slightly displaced to the longer wave-lengths. Sodium bisul- 
fite, which also has a peak at 325 my with DPN (14), raises the absorption 
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Fig. 8. Liberation of INH from analogue by hydrolysis in acid. Spot / = un- 
heated analogue, 2 = hydrolyzed analogue, 3 = INH with or without treatment by 
acid. Cross-hatching represents spots which showed both ultraviolet light absorp- 
tion and a positive picryl chloride test; single hatching, ultraviolet light absorp- 
tion only. Conditions for chromatogram as in Fig. 5. 


slightly over the range 300 to 360 mu with the analogue, but gives no defi- 
nite peak. It is not clear from these data whether or not the cyanide and 
bisulfite are reacting with the analogue, as has been shown to be the case 
with DPN. However, it appears that the presence of a substituent in the 
para instead of the meta position of the quaternary pyridine structure may 
decrease the tendency to undergo addition reactions of this type. 


Action of Analogue in Enzyme Systems 


Stability of Analogue to DPNases—The reaction mixtures containing 4.4 
uM of analogue, 5 X 10-2 m phosphate buffer, pH 7.4, and the enzyme, were 
incubated at 37° and aliquots removed at intervals for determination of 
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analogue concentration by measuring the optical density at 385 my in 0.1 
yNaOH. 30 units of Neurospora DPNase had no effect during 30 minutes 
incubation. 9 units of pig brain enzyme split the analogue at 20 per cent 
of the rate for DPN (see Fig. 9), while 10 units of the ‘“‘sensitive”’ beef 
spleen enzyme did not cleave the compound detectably. 

Effect of DPN and INH on Cleavage of Analogue by Pig Brain-—The pig 
brain enzyme and analogue were incubated in phosphate buffer (a) alone, 
(b) with DPN and nicotinamide, and (c) with INH. Aliquots were re- 
moved at intervals for determination of analogue concentration by measur- 
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Fic. 9. Effect of DPN and INH on cleavage of analogue by pig brain enzyme. 
1.0 ml. of reaction mixture contained 9.3 units of pig brain enzyme, 4.4 uM of analogue, 
5 X 10°? m phosphate buffer, pH 7.4, together with (Curve A) 2 X 10°? mM INH or 
(Curve B) 5.4um of DPN + 50 uM of nicotinamide or (Curve C) no addition (control). 
The mixture was incubated at 37°, and aliquots were removed and placed in 0.1 N 
NaOH for measurement of optical density at 385 mu. 


ing the optical density at 385 my in 0.1 N NaOH; the results are shown in 
Fig. 9. Nicotinamide was included with the DPN to preserve the coen- 
zyme during the incubation; it has no significant effect on the rate of cleav- 
age of analogue by the pig brain enzyme (see Fig. 10). The initial slope of 
the curve for added DPN indicates that, under these experimental condi- 
tions, DPN inhibits the rate of splitting of analogue by 54 per cent, pre- 
sumably by competing with the analogue for the same site on the enzyme. 
The curve for added INH shows an initial increase of analogue concentra- 
tion, which then rapidly becomes constant; this is presumably due to ana- 
logue synthesis from the 10 per cent impurity of DPN in the analogue 
preparation. The final constant level of analogue in the presence of the 


INH, however, indicates that 2 * 10-2? m INH completely inhibits analogue 
splitting by the pig brain enzyme, probably by a mechanism similar to the 
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inhibition of DPN splitting by nicotinamide (9) ; that is, by an exchange of 
the free INH for the bound INH in the analogue. 

DPN Synthesis from Analogue—The pig brain enzyme and analogue were 
incubated with and without nicotinamide; a system with nicotinamide but 
without the enzyme served as a control. Aliquots were removed at inter- 
vals for DPN and analogue assays. The results in Fig. 10 show that, while 
3S X 10°? m nicotinamide has no significant effect on the rate of analogue 
disappearance, its addition to the system causes a very significant synthe- 
sis of DPN; thus, during the 90 minute experimental period, the yield of 
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Fic. 10. DPN synthesis from analogue. 2.0 ml. of reaction mixture contained | 

4.4 X 10-3 mM analogue and 5 X 10°? m phosphate (pH 7.4) together with (Curve A) 

18.6 units of pig brain enzyme or (Curve B) 18.6 units enzyme + 5 X 10™? o nicotin- 

amide or (Curve C) 5 X 107? m nicotinamide. Incubation at 37°. At intervals 0.2 

ml. aliquots were removed for analogue assays of E33; and DPN assays by alcohol 

dehydrogenase (AE340). The curves showing changes in analogue content begin at 
—AE33;; = 0. The curves showing changes in DPN content begin at AAE yo = 0. 


DPN from the analogue disappearing was 45 per cent. This low yield is 
apparently due to the residual hydrolytic activity of the enzyme despite 
the presence of 5 X 10-2 m nicotinamide. The decrease of DPN observed 
in the absence of nicotinamide is due to cleavage of the impurity of DPN in 
the analogue preparation. 

Effect of Analogue in Dehydrogenase Systems—With spectral changes over 
the range 300 to 400 my as an index of reduction, no evidence has been ob- 
tained for the reduction of the analogue by DPN-requiring enzyme systems; 
viz., crystalline yeast aleohol dehydrogenase, crystalline horse liver alcohol 
dehydrogenase, transhydrogenase of Pseudomonas, or rabbit muscle lactic 
dehydrogenase. Furthermore, 10-* m analogue has no significant effect on 
the rate of reduction of DPN by these enzyme systems. 
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Effect of Analogue on “INH-Sensitive” Beef Spleen DPNase—Incubation 
of the purified beef spleen DPNase and DPN with varying concentrations 
of the analogue shows it to be at least twice as potent an inhibitor as free 
INH (Table III). On the other hand, INH mononucleotide (PR(INH)) 
prepared by the cleavage of the analogue with snake venom pyrophospha- 
tase, has no effect on beef spleen enzyme at a concentration of 1.0 X 10-* a. 


TaBLeE III 
Inhibition of Beef Spleen DPNase by Analogue 
Reaction mixture as described in Table I of the preceding paper (1). 117 units 
of purified beef spleen enzyme (9) in each sample. Molarity of analogue calculated 
on the assumption of 100 per cent purity. 


Per cent inhibition 
2X 1X 5 X 10-§ uw 2.5 X uw 
78 67 50 35 
DISCUSSION 


In a previous paper (9) it was suggested that nicotinamide might not be a 
unique acceptor for the ARPPR moiety when DPNase is functioning as 
an “ARPPR-transferase.” The isolation and characterization of the INH- 
analogue of DPN demonstrate that the structurally related INH can act as 
the acceptor, and it would seem reasonable to suggest that related com- 
pounds might also behave in a similar manner. Evidence has in fact re- 
cently been obtained by paper chromatography that the N-isopropyl] de- 
rivative (substituted at the terminal hydrazine N) of INH can function as 
an acceptor in the pig brain system, although, curiously enough, the ex- 
change is apparently not catalyzed by the human prostate. There is also 
evidence now for analogue formation with isonicotinamide and acetylpyri- 
dine. One might confidently predict that a tertiary heterocyclic N will 
prove to be a structural requirement of an acceptor molecule, but further 
experimental investigation is required to determine the more detailed re- 
quirements. 

The mode of action previously suggested for DPNase (9) has now been 
expanded to the form illustrated in the accompanying diagram. In this 
formulation, as well as the previous one (9), the ARPPR-enzyme compound 
is written as the sole intermediate in the DPNase reaction. This is in ac- 
cordance with current usage (Hassid and Doudoroff (15)) in the formulation 
of group transfer reactions. However, as Dr. E. C. Slater has pointed out 


(personal communication), this formulation fails to account for the non- 


482 INH ANALOGUE OF DPN 


competitive nature (9) of the inhibition of beef spleen DPNase by nicotina- 
mide. The latter fact can readily be accounted for by including, in the 
ARPPRN + enzyme 
+ 
| ARPPR-enzyme | H20 ARPPR + enzyme + H* 


— INH1{|+ INH 
ARPPR(INH) + enzyme 


above formulation, Michaelis complexes between the ARPPR-enzyme com- 
pound and the ribosyl acceptors; 7.e., ARPPR-enzyme: - - nicotinamide and 
ARPPR-enzyme:--INH.* The possibility that complexes of this type 
are of general occurrence in group transfer reactions is worthy of considera- 
tion. 

With the inclusion of the ARPPR-enzyme: -- INH complex in the formu- 
lation, it is possible to account for the action of INH, not only in the “in- 
sensitive”’ but also in the “‘sensitive’’ systems. In the case of the ‘‘insen- 
sitive systems,” this complex would undergo the following reaction, 


ARPPR-enzyme---INH ARPPR(INH) + enzyme 


while in the case of the “sensitive” enzymes, this reaction would not occur 
in either direction. This would account for the following properties of the 
sensitive systems: (a) the inhibition by INH of DPN breakdown and its 
dependence on DPN concentration; (6) the inhibition by INH of the incor- 
poration of labeled nicotinamide into DPN (unpublished); (c) the failure 
to form detectable analogue; and (d) the failure to hydrolyze added ana- 
logue. 

It remains necessary to explain the finding reported here, that the INH- 
analogue is itself an even stronger inhibitor of the ‘‘sensitive’’ DPNases 
than is free INH. This finding certainly strengthens the view, proposed 
previously (1), that inhibition by free INH is due to its conversion to the 
analogue, which, once formed in minute amounts, remains in some manner 
attached to the enzyme, being neither hydrolyzed by the enzyme nor re- 
leased to the medium. The question must remain open for the present 
as to whether this mechanism or the one proposed above is responsible for 
the inhibition by INH of the “sensitive’’? DPNases. 

It is rather surprising that the analogue, aside from its inhibitory action 
on the sensitive DPNases, is not a general inhibitor of DPN-requiring sys- 
tems. With respect to the antituberculous action of INH, it will be of 
interest to determine (a) whether the analogue is formed in the tubercle 


‘The kinetic analysis showing that this formulation accounts for the observed 
facts was worked out in collaboration with Dr. Paul Greengard and will be the sub- 
ject of a later communication. 
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organisms and (b) whether the DPN-requiring enzymes of these organisms 
may be particularly sensitive to the analogue. As suggested previously 
(1), the action of INH in tuberculosis may be primarily on the host. In 
the case of host animals containing ‘‘insensitive DPNases,”’ the analogue 
formed in the host tissues may somehow interfere with the growth of the 
tubercle organism. In the case of host animals containing sensitive DPN- 
ases, the inhibition of DPN breakdown in the host tissues may somehow 
interfere with the nutrition of the invading organisms. 

A point of consideration with respect to INH toxicity during therapy is 
the formation of the INH analogue of DPN in vivo. It appears possible 
that the synthesis of the analogue in the intact animal might be a factor in 
the toxicity of the compound and could lead to symptoms resembling nico- 
tinamide deficiency. Preliminary experiments have indicated that ana- 
logue can be synthesized in the whole animal after the administration of 
INH. Studies are now also under way to ascertain the antinicotinamide 
activity of INH. 

The solution of many of these problems may depend on an assessment 
of the réle of DP Nase in cell metabolism. It seems unlikely that an enzyme 
with such high activity in various tissues (spleen, brain, lung) has a purely 
hydrolytic function. The present experiments show that under appro- 
priate conditions the enzyme can exhibit pure transglycosidase activity, 
with complete suppression of its hydrolytic activity. The demonstration 
here that the enzyme can actually promote DPN synthesis from the INH- 
analogue plus nicotinamide makes it of interest to search for ‘‘physiologi- 
cal” DPN analogues which may serve as precursors for DPN synthesis by 
this enzyme. 


SUMMARY 


1. Some properties of the pig brain and human spleen DPNases are re- 
ported with respect to the synthesis of the isonicotinic acid hydrazide (INH) 
analogue of DPN in which the nicotinamide moiety of DPN is replaced by 
INH. 

2. With purified pig brain DPNase, the INH analogue of DPN has been 
synthesized and isolated in 75 per cent yield from the reaction of DPN 
with INH. 

3. The isolated INH analogue of DPN has been analyzed, and evidence 


+ 
for the structure ARPPR(INH) is presented. 

4. DPN synthesis from the analogue has been demonstrated with pig 
brain DPNase and nicotinimide. 

d. Some physical and enzymatic properties of the analogue are reported. 
It gives a peak absorption at 385 my in alkali. It is at least twice as potent 
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an inhibitor as free INH of the ‘‘INH-sensitive’’ DPNases. It has no ip. 
hibitory action on any of several DPN-linked dehydrogenases tested. 

6. A scheme is presented to explain the analogue formation by the 
“ARPPR-transglycosidase” activity of the “INH-insensitive” DPNases, 
and a hypothesis is suggested to explain the properties of the ‘‘INH-sengi- 
tive” DPNases. 

7. The possible réle of the analogue in the antitubercular activity of INH 
is discussed. 

Addendum—It has recently been shown (16) that the INH analogue of DPN ean 
be formed by the “sensitive” beef spleen DPNase when large amounts of enzyme 
and long periods of incubation are employed. We have confirmed this observation. 
It should be emphasized that the rate of analogue formation is less than 5 per cent 
of that found with the “insensitive” pig brain system. Details of our findings will 
be published in a subsequent paper. 
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The existence of an enzyme which catalyzes the oxidative demethylation 
of a-emethylamino acid was deduced some years ago as a result (a) of the 
conversion of a-N-methyl-L-tryptophan into kynurenine and kynurenic 
acid (1-5) and (b) of the nearly equal nutritive qualities of L-tryptophan 
and of a-N-methyl-L-tryptophan (6-8). This deduction was subsequently 
confirmed by the observation of an enzyme from rabbit kidney which 
oxidatively removes the methyl group from a-N-methylamino acid as 
formaldehyde and leaves unaffected the residual L-amino acid (9, 10). 
The enzyme apparently contains flavin-adenine dinucleotide (FAD) as a 
prosthetic group and has been given the designation of demethylase (10). 
Earlier studies (11) showed that the enzyme was ineffective toward N-di- 
methyl-L-amino acid and N-methyl-p-amino acid. The present report is 
concerned with further studies on the specificity of the rabbit kidney en- 
zyme, with use of a wider variety of synthetic substrates than that em- 
ployed before, and on the possible reaction mechanisms involved and the 
tentative identification of the prosthetic group. 


EXPERIMENTAL 


Enzyme—Most of the work herein reported was conducted on extracts 
of acetone powders of rabbit kidney as previously described (10). 

Substrates—The following a-N-methy] derivatives were prepared by 
reaction of the appropriate alkylamine with the brominated or chlorinated 
compound: dimethylglycine, ethylglycine, methylaminobutyric acid, meth- 
ylvaline, methylhistidine, phenylsarcosine, methylnorvaline, methylnorleu- 
cine, methylaminocaprylic acid, a-N-methyllysine, dimethylphenylalanine, 
0,N-dimethyltyrosine, methylnorleucylglycine, and methylphenylalanyl- 
glycine. Fischer and Lipschitz’s procedure (12) was used to prepare the 
a-N-methy] derivatives of the following: leucine, isoleucine, alanine, meth- 
ionine, cystine, glutamic acid, aspartic acid, B-alanine, threonine, valine, 

* Former name, Tai-sei To or Tatsuo Yosida. 
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ornithine, and lysine. The preparation of the N-methyl derivatives of the 
8-hydroxy-a-amino acids and the separation of threose and erythrose modi- 
fications have been described (13, 14). Treatment of a-N-methylornithine 
and -lysine with methylthiourea yielded the corresponding w-guanidino 
derivatives (cf. (15)); the corresponding D isomer of the ornithine derivative 
was obtained by a Walden inversion of 6-benzoyl-L-ornithine. | N-Methyl- 
vanillylalanine, V-methylphenylalanine, and O,N-dimethyltyrosine were 
obtained by the method of Guerrero and Deulofeu (16), and N,N’-di- 
methyleystine by the method of Kies et al. (17). a-N-Methyl-.-tryp- 
tophan (L-abrine) was isolated from the seeds of Abrus precatorius. 

The ut and p isomers of a-aminobutyric acid, norleucine, and isoleucine 


were obtained by resolution of the racemates (18) and were subsequently — 


methylated (12). The pb isomers of leucine, lysine, methionine, and 
ornithine were prepared by Walden inversion, while the pb isomers of 
O,N-diethyltyrosine, methylphenylalanine, and methylvanillylalanine 
were isolated from the urine of rabbits fed the respective racemates. 
p-Abrine was obtained by cultivation of Escherichia coli on media contain- 
ing pL-abrine. The metabolic product, N-methylpyridine hydroxide, was 
isolated from the urine of frogs in whose lymph sacs pyridine had been 
previously administered. 1-Methylamino-4-guanidinobutane (1-N-meth- 
ylagmatine) (19) and trigonelline (N-methylnicotinic acid) (20) were pre- 
pared as described. All compounds used in this study were carefully 
analyzed for N, and good agreement with the theoretical values were 
found. The [a];’” values in water were as follows: a-methyl-L-aminobutyric 
acid +9.2°, a-N-methyl-p-aminobutyric acid —9.3°, methyl-L-isoleucine 
+7.0°, methyl-p-isoleucine —7.2°, methyl-t-norleucine + 14.8°, methyl-p- 
norleucine —15.1°, a-N-methyl-L-arginine monohydrochloride +13.5°, 
a-N-methyl-p-arginine monohydrochloride —13.8°, L-abrine +44.6°, p- 
abrine —44.7°, methyl-p-methionine —18.6°, O,N-dimethyl-p-tyrosine 


4+21.9°, and methylvanillyl-p-alanine —17.9°. in 5 per cent sulfuric 


acid for methyl-p-phenylalanine + 10.5°; [a]5° in water +19.8° and —20.2° 
for methyl-L-leucine and methyl-p-leucine, respectively; [a],° in water for 
a-N-methyl-L-ornithine monohydrochloride +19.9° and —19.7° for the 
p isomer. At 30°, [a], for a-N-methyl-L-lysine monohydrochloride was 
+16.7° (water), and at 25° the value for the corresponding D isomer was 
— 16.8°. 

Specificity of Enzyme—The oxygen consumption of a wide variety of 
substrates in the presence of rabbit kidney demethylase is shown in Table 
I. The digests were composed of 0.5 ml. of a centrifuged 1:10 aqueous 
extract of the acetone powder of rabbit kidney, plus 1.0 ml. of m/15 phos- 
phate buffer at pH 7.2 and 1 ml. of a 0.01 Mm solution of the substrate in 
water. The oxygen consumption was measured manometrically in the 
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Warburg apparatus, and, unless otherwise noted, the period of shaking was 
120 minutes. 

Compounds which were not oxidized under these conditions were as 
follows: sarcosine, V-dimethylglycine, V-ethylglycine, NV ,.V’-dimethyl-p1- 
eystine, V _N’-dimethyl-L-cystine, a-N-methyl-L-arginine, V-dimethyl-p1- 


TaBLeE 
Specificity of Demethylase 


| per per 
tical tical 
\-Methyl-pi-alanine 8 N-Methyl-pi-aspartic acid 6 11 
N-Methyl-L-aminobutyrie 14.1) 12.2 acid 7 13 
acid | a-N -Methy]-L-ornithine 36.6 32.7 
N-Methyl-pL-serine 12.4. 22.1 | 23.5 | 21 
N-Methyl-pi-threonine 3.2 5.7 | 22.5 
N-Methyl-pi-allothreonine 1.8 3.2 arginine 
N-Methy]-pi-valine 10.0 18.0 Phenyl-pL-sarcosine 15 27 
N-Methy]-p-norvaline 14.0 | 25.0* N-Methyl-pi-phenylalanine 52 93 
N-Methy]-8-hydroxy-pDL- 7.5 | 13.4. N-Methyl-pL-tyrosine 96 
valine (surinamine) 
a-N-Methyl-threo-B- 42.1 | 75.2. O,N-Dimethyl-pi-tyrosine 53 95 
hydroxy-DL-norvaline | N-Methyl-8, p-hydroxy- 18 


12.1 | 21.6  phenyl-pL-serine 
hydroxy-pL-norvaline | N-Methyldihydroxyphenyl- 54 


N-Methyl-.-leucine 25.5 22.8  pL-alanine 

N-Methyl-L-isoleucine 24.6 19.7 N-Methylvanillyl-pi- 53. | (O95 

N-Methyl-i-norleucine 60.4 72.4 alanine | 

a-N-Methyl-pt-aminocapry- 43 76.8* a-N-Methyl-t-tryptophan 109 97 
lic acid |  (L-abrine) | | 

20 336 54 96 
*60 minutes. 


phenylalanine, O-monomethyl-N-dimethyl-pL-tyrosine, the D isomers of 
the N-methyl derivatives of a-aminobutyric acid, isoleucine, leucine, phen- 
ylalanine, vanillylalanine, and tryptophan, the betaines of glycine, phenyl- 
alanine, O-methyltyrosine, and tryptophan, N-methylnorleucylglycine, 
N-methylphenylalanylglycine, 8-N-methylalanine, all L- and p-amino acids, 
and benzylmethylamine, ephedrine, epinephrine, creatine, creatinine, 
l-methylamino-4-guanidinobutane, N-methylhydroxypyridine, trigonel- 


line, caffeine, theobromine, and guaiacol. 
Comparisons of Demethylase and p-Amino Acid Oxidase—A preparation 
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of p-amino acid oxidase was made by an aqueous and centrifuged extract 
of acetone-dried powder of hog kidney cortex. At pH 8.2, it readily 
catalyzed the oxidation of the N-methyl derivatives of the D isomers of 
aminobutyric acid, leucine, isoleucine, and norleucine, but had no effect on 
the p isomers of ornithine or lysine, and none on the corresponding N-meth- 
ylated L isomers of any of the amino acids studied. On the other hand, 
demethylase had no effect on any of the N-methylated p-amino acids 
mentioned, but readily oxidized the corresponding N-methylated L-amino 
acids, including the a-substituted derivatives of L-lysine and of L-ornithine. 

With oxidizable substrates such as L-abrine and N-methyl-.-norleucine, 
oxidation was accompanied by the formation of formaldehyde (as measured 
with chromotropic acid (21)) and of the free amino acid (as noted by paper 


TABLE II 
Formation of Hydrogen Peroxide 
Oxygen uptake 
t 
demethylase and catalase” 
c.mm. 
10 9.9 20.8 
20 18.6 39.5 
27.4 52.6 
33.3 60.6 


* Erythrocyte catalase. 


chromatograms); no methylamine or keto acid was observed in these cases. 
With non-oxidizable substrates, such as p-abrine, N-methyl-p-norleucine, 
a-N-methylarginine, or sarcosine, incubated with demethylase under the 
same conditions, there was no evidence of formaldehyde, methylamine, or 
amino or keto acids. 

A comparison of the effect of various inhibitors on demethylase and on 
D-amino acid oxidase revealed marked inhibition of the latter by 0.01 m 
benzoic acid, 0.01 m quinine HCl, and 0.01 m atabrine, without any effect 
at all on the former. There is no effect of 0.01 m KCN on demethylase. 

Studies on Reaction Mechanism—The formation of hydrogen peroxide 
as a result of the oxidation by demethylase is illustrated in Table II by the 
procedure of Keilin and Hartree (22). 

The calculated Michaelis-Menten constant from the initial oxidation 
velocities of L-abrine at different concentrations of the substrate was 
Kn = 2.62 X 10~ mole per liter. 

Coenzyme of Demethylase—An aqueous solution of the enzyme was pre- 


pre- 
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from rabbit kidney (10) and was treated with solid ammonium sul- 
fate to 35 per cent of saturation. Hydrochloric acid was added to bring 
the pH to 3.2, the resulting precipitate was centrifuged, and the sediment 
redissolved in phosphate buffer at pH 7.2. The solution showed no de- 
methylase activity, but, when treated with flavin-adenine dinucleotide, the 
activity was restored to 54 per cent of the original (Table III). It would 
appear that the enzyme contains FAD as a prosthetic group, and that it 
may be reversibly dissociated from the protein moiety. The method of 
Warburg and Christian (23) for isolating FAD from yeast was applied to 
the enzyme obtained from 255 gm. of acetone powder of rabbit kidney, and 
the final concentrated solution was subjected to spectrophotometry. There 
were three main absorption bands with maxima at 446, 368, and 264 my, 


TaBLeE III 
Reconstitution of Demethylase 


Per cent original 


Components* activity (60 min.) 
HCl-treated enzyme + 0 
+ heated enzyme extractf................ 83 
Water + native enzyme solution............................. 100 


*1 ml. of solution of each component. 
t Filtrate after heating mixture of 3 gm. of ground rabbit kidney and 10 ml. of 


water. 


with extinctions, respectively, of 0.18, 0.15, and 0.65, in substantial agree- 
ment with the findings of Warburg and Christian (23) for FAD. In the 
absence of an extensive purification of the enzyme, these findings have only 
suggestive value. Further experiments to determine the possible flavo- 
protein nature of the enzyme are in progress. 


DISCUSSION 


Keilin and Hartree (24) noted that the N-methyl] derivative of p-alanine 
was attacked by p-amino acid oxidase, and Handler and his colleagues (25) 
subsequently showed that broken cell preparations of rat kidney and liver 
could oxidize the N-methyl derivatives of several pL-amino acids such as 
alanine, methionine, leucine, and histidine. The products of the reaction, 
ascribed to D-amino acid oxidase, are the corresponding a-keto acid and 
methylamine. The L-amino acid oxidase obtained by Blanchard and co- 
workers (26) from rat tissue catalyzed the oxidation of the N-methyl 
derivatives of various amino acids such as leucine, methionine, homo- 
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cysteine, and S-benzylhomocysteine, to the corresponding a-keto acids and 
methylamine. Ophio-L-amino acid oxidase, on the other hand, has no 
action on N-methylamino acids (27, 28). Glycine oxidase, which was 
shown by Ratner, Nocito, and Green (29) to occur in liver and kidney, 
catalyzes the aerobic oxidation of sarcosine to glyoxylic acid and methy\- 
amine. Narasaki (30) noted that this enzyme is effective only toward 
glycine and sarcosine, and does not act upon any other N-methylamino 
acid. Sarcosine oxidase (31) is also specific in its action, producing for- 
maldehyde and glycine with this substrate, but it is ineffective toward all 
other N-methylamino acids. The rabbit kidney demethylase is different 
in its behavior from all of these known systems in that (@) it acts only on 
N-monomethyl-L-amino acids and not on L-amino acids, D-amino acids, or 
N-methyl-p-amino acids, (6) it produces formaldehyde and free L-amino 
acids as the result of the enzymatic oxidation, (c) it is not inhibited by 
benzoate, and (d) it is ineffective toward either glycine or sarcosine. Of all 
the systems described, demethylase most closely resembles sarcosine oxi- 
dase in the nature of the products formed; namely, formaldehyde and the 
corresponding amino acid. ‘The latter enzyme, however, has a more strict 
substrate specificity. 

Demethylase apparently requires the presence of a free a-carboxyl group 
in the substrate molecule. The more readily oxidizable substrates are 
those with aromatic and heterocyclic substituents. With aliphatic V- 
methylamino acids, the velocity of oxidation increases with the number 
of carbon atoms (Table 1). The enzyme does not attack .V-dimethyl- 
substituted amino acids or betaines, thereby demonstrating another point 
of difference with the action of sarcosine oxidase which apparently can 
oxidize dimethylglycine (31). Although sarcosine is resistant to the action 
of demethylase, the activating influence of an aromatic substituent is dis- 
cerned in the weak but definite susceptibility of phenylsarcosine (Table [). 

- The reaction mechanism of demethylase action may be tentatively repre- 
sented as given in the accompanying diagram, in which the enzyme is 
shown as a dehydrogenase. 


HOOCCHR HOOCCHR — HOOCCHR HOOCCHR — 


| 
NH NH. 


NH N 
| — 2H | + HLO | 
CH; CH. CH.OH HCHO 
+ enzyme HOOCCHR 
| | 
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Oz + enzyme-H, — enzyme + + 402 + 


HCHO 
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phenylalanine to support the growth of rats on a diet deficient in the 
corresponding L-amino acids may be ascribed either to the presence of a 
demethylase in one or more tissues of the rat, or to the action of an L-amino 
acid oxidase with subsequent transamination of the resulting a-keto acids. 


SUMMARY 


The specificity of rabbit kidney demethylase has been studied with a 
variety of substrates. The enzyme is capable of oxidizing only \V-methyl- 
t-amino acids, the products being formaldehyde and the corresponding 
t-amino acid, and is ineffective toward L-amino acids, glycine, sarcosine, 
N-dimethyl-Lt-amino acids, D-amino acids, and N-methyl-p-amino acids. 
It is not inhibited by benzoate, atabrine, or KCN, and is therefore dis- 
tinguishable from D-amino acid oxidase, animal tissue L-amino acid oxidase, 
ophio-L-amino acid oxidase, glycine oxidase, and sarcosine oxidase. 

N-Methyl-t-amino acids with aromatic or heterocyclic substituents are 
particularly susceptible to the action of demethylase, followed by aliphatic 
N-methylamino acids with long side chains. The N-methyl derivatives of 
3-hydroxyamino acids, and of the basic and acidic amino acids, with the 
exception of that of histidine, are demethylated still more slowly. Al- 
though sarcosine is resistant to the action of the enzyme, phenylsarcosine 
is demethylated, if only very slowly. 

Preliminary studies suggest that demethylase is a flavin-adenine dinu- 
cleotide enzyme. 
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ENDOGENOUS CHOLESTEROL METABOLISM IN THE RAT 
STUDIED WITH C"-LABELED ACETATE* 


By ERWIN J. LANDONT anp DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University of California School of 
Medicine, Berkeley, California) | 


(Received for publication, January 25, 1954) 


In previous investigations rates of cholesterol metabolism in the intact 
rat were determined by measuring the rate of incorporation of an isotope 
into tissue cholesterol. Karp and Stetten (1) employed D.O maintained 


at a constant level in the body fluids. Pihl, Bloch, and Anker (2) used 
C-labeled acetate and took the specific activity of acetate in excreted 


acetylated foreign amines as a measure of the acetate specific activity at 
the site of cholesterol synthesis. 

In the present study a different method was used: The rate of disappear- 
ance of previously labeled cholesterol from the tissues of the intact animal 
was measured. The pools of tissue cholesterol were labeled by adminis- 
tering C-labeled acetate. After sufficient time had elapsed so that radio- 
active precursors could be presumed to be negligible, the disappearance and 
redistribution of labeled cholesterol were determined in the various tissues. 
The results give a more clearly defined picture of the réle of the individual 
body tissues in the synthesis, exchange, and catabolism of cholesterol. A 
faster turnover rate in the rat than has previously been reported also is 
indicated. 

EXPERIMENTAL 


The experimental animals were adult male rats of the Long-Evans strain. 
They were raised on Purina laboratory chow diet, the standard feed in our 
laboratory, which contains 0.075 per cent cholesterol. The ‘‘white diet,’”! 
used for nutrition of breeder animals, contains 0.006 per cent cholesterol. 
This was considered adequately free of cholesterol, so, prior to doing the 
experiments, the animals employed were placed on this diet. It contains 
about 10 per cent more protein than the standard stock diet. 

The experimental groups were made up of four to eight rats, of uniform 
weight and age, and often of litter mates. One large experimental group 


* Aided by research grants from the American Heart Association and the. Life 
Insurance Medical Research Fund. Prepared from a thesis submitted by E. J. 
Landon to the University of California for the degree of Doctor of Philosophy, 
June, 1953. 

t Fellow of the American Heart Association. 

‘Manufactured by the Simonsen Laboratories, Gilroy, California. 
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oi thirty-two rats was also employed. The animals comprising an experi- 
mental group were injected intraperitoneally with uniform doses of sodium 
acetate-CMOOH. The injected dose usually was of the order of 1 ye. per 
100 gm. of rat, given three times every 4 hours. 0 hour was 4 hours after 
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Fic. 1. Specific activity of total serum cholesterol in a representative bile fistula 
rat (six experiments) following one injection of C'*-labeled acetate. 0 hour is 4 
hours after the injection. To each serum aliquot 5 mg. of carrier cholesterol were 
added. The values of the ordinates are not corrected for dilution by carrier. 
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Fig. 2. Specific activity of total (@) and free (4) serum cholesterol in six control 
rats following one injection of C'*-labeled acetate. 0 hour is 4 hours after the in- 
jection. To each serum aliquot 5 mg. of carrier cholesterol were added. The 
values of the ordinates are not corrected for dilution by carrier. 


lO Rat | 
is 
d 4 


in experi- 
ue. per 
urs after 


ile fistula 
hour is 4 
erol were 
‘ler. 


‘ontrol 
he in- 
The 


E. J. LANDON AND D. M. GREENBERG 495 


the last injection; the animals were sacrificed at this and subsequent suit- 
able time intervals. 

The radioactivity of tissue cholesterol was determined by its isolation and 
counting as the digitonide. The specific activities are reported in counts 
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Fic. 3. Specifie activity of liver cholesterol in rats with a bile fistula or ligated 

bile ducts. The rats were given three intraperitoneal injections of C'*-labeled 
acetate. At least 36 hours elapsed after operation for bile fistula or ligation of bile 
ducts. Each point represents one animal. 0 hour is 4 hours after the last injection. 
Data plotted by method of least squares. 
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Fic. 4. Specific activity of tissue cholesterol in thirty-two control rats. The rats 
were given three intraperitoneal injections of C'-labeled acetate. Each point 
represents two to ten animals. 0 hour is 4 hours after the last injection. 
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per minute per mg. of cholesterol digitonide. Adrenal cholesterol was 
isolated with the addition of 5 mg. of carrier to each pair of adrenals. This 
proved to be justified, since negligible variation in cholesterol content oc- 
curred in 67 per cent of the adrenals analyzed. Repeated pyridine split- 
ting and reprecipitation of the digitonide from all our tissues (3), purifica- 
tion of the cholesterol from skin and liver by dibromide precipitation (4), 
or repeated recrystallization of liver cholesterol did not alter the count. 
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Fia. 5. Specific activity of tissue cholesterol in control rats (O), rats with ligated 
bile ducts (0), and gonadectomized and adrenalectomized rats (A). The rats were 
given three intraperitoneal injections of C'4-labeled acetate. Each point represents 
one animal. 0 hour is 4 hours after the last injection. 


Blood samples were obtained by heart puncture. For multiple deter- 
minations of serum radioactive cholesterol in an individual rat, the animal 
was given an intraperitoneal injection of 70 uc. of the acetate, and 5 mg. 
of carrier cholesterol were added to each serum aliquot. 

To aid in the interpretation the results were plotted as the logarithm of 
the specific activity against time. From the data the turnover time (mean 
time of existence) was calculated from the equation t, = 1.44t,;, where 
t, is the turnover time and & the half life. 

Figs. 1 to 7 and Tables I and II represent a different experimental group 
of animals with the following exceptions: The bile duct-ligated rats are 
the same in Figs. 3, 5, and 6, and the bile fistula rats are the same in Figs. 
3 and 6. 


tvD 

wit 

sec 

T 

gat 

pe 

mg 

Eac 

| 

scifi 

co 

one 

Tac 

hig 

inc 

lov 


od 


ts 


E. J. LANDON AND D. M. GREENBERG 497 


Results 


The graphic data showed three distinct patterns. Fig. 1 shows the 
typical linear plot of radioactivity of serum cholesterol found in the rat 
with a bile fistula. Fig. 2 shows that in six control rats there occurs a 
second peak in the plasma radioactivity curve between 20 and 50 hours. | 
This pattern holds for both free and total cholesterol. 

Fig. 3 shows again a linear plot for liver in rats with a bile fistula or li- 
gated bile duct. In our first control groups, the other tissues of which are 
presented in Figs. 5 and 6, a sharp secondary rise in liver cholesterol spe- 
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Fic. 6. Specific activity of adrenal cholesterol. The rats were given three intra- 
peritoneal injections of C'*-labeled acetate. Adrenal cholesterol isolated with 5 
mg. of carrier. The values of the ordinates are not corrected for dilution by carrier. 
Each point represents one animal. 0 hour is 4 hours after the last injection. 


cific activity was observed. To examine this effect more precisely a larger 
control group of thirty-two animals was tested (Fig. 4). There is no sec- 
ondary peak, but a plateau in the semilog plot is evident. 

The other tissues in Figs. 5 and 6 show a third pattern. The peak of 
radioactivity in these tissues occurs more than 16 hours after the last 
acetate injection. 

The specific activity of intestinal cholesterol], as seen in Fig. 4, averages 
higher than and, in general, tends to parallel that of the liver. This is 
also true when a bile fistula is present. There was a great variation in the 
individual animals, the specific activity of the intestinal cholesterol being 
lower than that of the liver in some instances. 

The turnover time of liver cholesterol, calculated from Fig. 3, in the ani- 
mals with ligated bile ducts is 41.5 hours and 33.6 hours in those with bile 
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fistulas. The turnover time of adrenal cholesterol, calculated from Fig. 
6, is rapid and of the same order as that of the liver. Similar calculations 
from the data of Fig. 5 for other tissues show a generally much slower turn- 
over rate. 


DISCUSSION 


It is assumed that during the time the changes in specific activities of tis- 
sue cholesterol were being studied the precursors of cholesterol were of 
negligible specific activity. The validity of our interpretation of the find- 
ings reported above depends in good part upon this assumption. Gould 
et al. (5) have demonstrated that, 4 hours after an acetate injection, the 
free acetate has been almost completely metabolized to other substances, 
Squalene, a postulated intermediate between acetate and cholesterol, is 
present in minute quantity only (6). The amount of A’-cholestenol in rat 
tissues, except for the skin, is only about | per cent of the cholesterol (7), 
If it is an obligatory precursor of cholesterol, it would have to have a turn- 
over time about 100 times faster than that of cholesterol. The specific 
activity of the digitonide measured in our experiments included A’-choles- 
tenol. On purification by dibromide precipitation of the liver and skin 
cholesterol this compound was removed (7), but no detectable change in 
specific activity occurred. This agrees with the results of Schwenk and 
Werthessen (8) who found that, 4 hours after an injection of C-labeled 
acetate in the intact rat, purification by dibromide precipitation did not 
alter the specific activity of tissue cholesterol. In view of the high per- 
centage of A’-cholestenol present in rat skin (9) these observations suggest 
that there may be a rapid interconversion between cholesterol and A’- 
cholestenol. 

It is observed in Figs. 2 and 4 that in normal animals in which bile is 
secreted into the intestine secondary peaks or interruptions in the decline 
of specific activity occurred in serum, intestine, and liver. The simplest 
explanation of this is that radioactive bile cholesterol is secreted into the 
intestine and reabsorbed at a later time. When bile was not secreted into 
the intestine, this does not occur (Figs. 1 and 3). The specific activity of 
bile cholesterol collected over various periods of time was higher than or 
about the same as that in the liver at the time of sacrifice (Table I). It 
was also found that all the secretion of radioactive cholesterol into the bile 
occurred within 6 hours after the acetate injection. This cholesterol is 
significantly radioactive when reabsorbed some hours later. The bile cho- 
lesterol secreted subsequently does not contribute any radioactivity. 

The true specific activities of cholesterol in liver and serum were usually 
somewhat lower in the serum than in the liver (Table II). Serum choles- 
terol turnover, as calculated from data on bile fistula rats (Fig. 1), averages 
about the same as that in the liver. 
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The radioactivity of cholesterol in the spleen, lung, testis, kidney, and 
adrenal rose to a peak reached more than 16 hours after the last acetate 


injection. At this time significant amounts of radioactive non-steroid pre- 
TABLE 
Comparison of Specific Activity of Cholesterol in Bile and Liver 
—_ Period of bile collection Bile cholesterol chal ned ol* 
| 
A | From Ist acetate injection to sacrifice at 0 hr.t | 90 | 75 
sé sé sé 36 hrs. | 69.3 60 
sé sé 67 | 16.6 20 
B | Ist to 3rd injection | 19.2 
3rd injection to 20 hrs. | 13.6 9.2} 
4 Measured at times of sacrifice indicated. 
+0 hour refers to 4 hours after last acetate injection. 
t Time 10 hours. 
TABLE II 
Comparative Tissue Cholesterol Radioactivity 
The figures are in counts per minute per mg. of digitonide. 
Group No. Time | Liver Serum* | Skint 
I 0 139 56.7 12.4 
12 67.7 20.3 10.8 
24 24.8 25.6 10.6 
36 45.0 28.0 17.3 
62 20.2 12.0 12.4 
II 16.5 78.6 50 
38 43.5 23 
38 34.7 22 
65 30.1 24 
III 1 76.2 50.8 
25 25.4 17.0 
33.5 15.2 12.9 
| 51 | 14.9 17.5 | 


* Cholesterol isolated from 3 to 5 ec. of serum with carrier and the true specific 
activity calculated. 
t In skin the digitonide counted contains about 30 per cent of A?7-cholestenol (9). 


cursors of cholesterol] are not available for cholesterol synthesis. The turn- 
over of cholesterol in these organs, therefore, must occur primarily by ex- 
change with cholesterol in the plasma and not appreciably by synthesis. 
During the ascending part of the curves in Fig. 5 the specific activity of 
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the liver cholesterol is higher than that of the above tissues, as is required 
for this concept to be valid. 

The very rapid turnover rate found in the liver was not anticipated, 
since prior reported values for the rate of total synthesis of cholesterol for 
rat liver were 8 days (2) and 4 days (1). This study emphasizes the quan- 
titative importance of the endogenous cholesterol metabolism. 

The greater variability in specific activity in the intestine is not surpris- 
ing, since the turnover here may represent mostly the transfer of the choles- 
terol to the intestinal lymphatics (10). 

Srere et al. (11) reported that the kidney and testis in the eviscerated rat 
are able to convert acetate to cholesterol. The results under the more 
physiologic conditions presented above, however, suggest that formation 
of cholesterol by the tissues studied, other than liver and intestine, is not 
a major metabolic process. 

According to Brady (12), testis slices converted labeled acetate more 
efficiently to testosterone than to cholesterol. By implication, the idea 
was presented that cholesterol is not a precursor of testosterone. If, how- 
ever, the testis normally does not primarily manufacture its own choles- 
terol, the concept of cholesterol as a primary precursor of testosterone is 
not ruled out. 

Hechter (13) found that perfused beef adrenals exhibited a relatively poor 
synthesis of cholesterol or corticosteroids from acetate, but were extremely 
efficient in the synthesis of corticosteroids from cholesterol. This is en- 
tirely consistent with the finding that the adrenal cholesterol is not pri- 
marily synthesized in the gland but is derived from plasma cholesterol. 

If tissues exchange cholesterol with the surrounding plasma but do not 
catabolize it, they would have a relatively slower turnover rate. Spleen, 
lung, and kidney may very well fit such a criterion. If there is, in addition, 
active tissue catabolism of cholesterol, this apparent turnover time will 
be shortened. Since the uptake is from the plasma, no matter what the 
true turnover time is, the apparent time can never exceed that of the 
plasma cholesterol or the liver with which plasma cholesterol equilibrates. 
This limiting case of active cholesterol catabolism matches the findings 
in the adrenal, the cholesterol of which appears to have about the same 
turnover time as that of the liver. This provides further support to the 
concept that adrenal cholesterol is the precursor of steroid hormones. 

Since adrenal cholesterol turnover was found to be rapid, but was not 
more precisely determinable by this experimental approach, it was de- 
cided to measure the turnover rate in the adrenalectomized animal. If 
adrenal catabolism of cholesterol in hormone synthesis accounts for a 
major part of the turnover in vivo, the removal of the gland should slow 
this process greatly. Since it was a screening experiment, the testis which 
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also makes a steroid hormone was removed as well. The result was a 
very marked slowing of the cholesterol turnover in the liver. This was 
attributable to either the adrenals or testis. ‘The experiment was repeated 
in castrated male rats. The results are shown in Fig. 7. Very marked 
slowing of the turnover in liver and intestine is evident. Since the low 
specific activity of cholesterol of the testis in the control animals precludes 
this organ as a major site of catabolism, the effect can be attributed to the 
absence of male sex hormone. We have, therefore, not only demonstrated 
that cholesterol] metabolism i very rapid in the intact rat, but have pre- 
liminary evidence that the turnover of cholesterol is profoundly affected, 
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Fic. 7. Specific activity of intestine (A) and liver (@) cholesterol in castrated 
male rats. The rats were given three intraperitoneal injections of C'-labeled ace- 
tate. Injection at least 72 hours after castration. Each point represents two 
animals. 0 hour is 4 hours after the last injection. Data plotted by method of least 
squares. 


either directly by the male hormone or as a consequence of metabolic 
changes that are induced by the hormone. 

The adrenal cholesterol of these castrated animals plotted unequivocally 
the same turnover time as the liver. No gross change was observed in the 
cholesterol content of these livers during the experimental period after 
castration. Liver slices of castrated male rats converted C"-acetate to 
cholesterol at least as efficiently as the controls. The pattern in other tis- 
sues remained unchanged from the controls (Fig. 5). 

Skin sterol digitonide had a very low specific activity (Table II). It is 
known that synthesis of cholesterol can occur in the skin (11). To what 
extent labeling is due to blood transport and to what extent to synthesis 
cannot be calculated from our figures. Because of the large amount of 
cholesterol in the skin and the large mass of the organ, even low specific 
activities may signify a great amount of cholesterol metabolism. 
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SUMMARY 


1. The dynamic endogenous metabolism of cholesterol in vivo has been 
studied by measuring the disappearance of previously labeled tissue cho- 
lesterol in rats maintained on a diet free of cholesterol. 

2. Important sites of cholesterol synthesis are liver, intestine, and per- 
haps skin. 

3. The large scale catabolism of cholesterol must be largely confined to 
some of the tissues with a maximal turnover rate. These are liver, in- 
testine, and adrenal. Because of its extremely high cholesterol content 
the skin may also play a significant réle. 

4. The turnover time of liver cholesterol was calculated to be about 40 
hours. 

5. It is suggested that the cholesterol of the testis, spleen, kidney, and 
lung is primarily derived from the plasma. 

6. This also appears true for adrenal cholesterol, and its turnover time 
is equal to or faster than that of the liver. 

7. Castration results in an apparent marked slowing of the turnover time 
in liver and intestine. 

8. The most significant fact obtained in this work is that the endogenous 
cholesterol metabolism is far greater in scope than heretofore reported. 
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STUDIES ON THE METABOLISM OF THYMINE-2-C" BY 
THE RAT* 


By WILLIAM L. HOLMES,f WILLIAM H. PRUSOFF,{ ano 
ARNOLD D. WELCHT 


(From the Departments of Pharmacology, School of Medicine, Western Reserve 
University, Cleveland, Ohio, and Yale University School of Medicine, 
New Haven, Connecticut) 


(Received for publication, January 5, 1954) 


It has been clearly established (1, 2), through the use of N-labeled 
material, that the utilization of free thymine for the synthesis of deoxy- 
ribonucleic acid (DNA) by the rat is extremely limited. However, these 
studies afforded but little information concerning the rate and extent of 
the metabolism of thymine. In the experiments reported here, thymine-2- 
C has been found to be more rapidly and extensively catabolized by this 
species than was heretofore appreciated. In marked contrast to the re- 
sults obtained after administration of uracil-N'® and thymine-N" to rats 
(2), and of uracil-N' to human subjects (3), only a small amount of the 
tracer was found to be excreted via the urine. A large portion (55 per 
cent) of the isotope was excreted, however, in the respiratory CO, during a 
period of 4 hours following intraperitoneal administration of thymine-2-C". 
Experiments with rat liver slices also have shown that thymine-2-C" is 
rapidly catabolized by this tissue to give rise to CMO». 

In agreement with the findings of Brown, Roll, and Weinfeld (1), a small 
but significant amount of the administered isotope was found in the thy- 
mine moiety of DNA of regenerating rat liver, and a lesser amount in the 
DNA of other tissues. 


EXPERIMENTAL 


Synthesis of Labeled Compounds—Barium cyanamide-C™ was prepared 
from BaC'“O; by the method of Zbarsky and Fisher (4), and thiourea-C™ 
from the crude barium cyanamide by the method of Bills and Ronzio 
(5). Thymine-2-C' was synthesized! from thiourea-C™ according to the 
procedure of Bennett (6) and had a specific activity of 6.0 & 107 ¢.p.m. 


* This work was supported in part by a grant from the American Cancer Society 
upon recommendation by the Committee on Growth of the National Research Coun- 
cil. 

t The present address of the authors is the Department of Pharmacology, Yale 
University School of Medicine, New Haven, Connecticut. 

'We are greatly indebted to Dr. Bernard Langley, of these laboratories, for the 
preparation of the thymine-2-C"™. 
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per mg., as measured in a windowless flow counter by techniques pre. 
viously described (7). 

Treatment of Experimental Animals—Partially hepatectomized, Sprague- 
Dawley strain, female rats averaging 150 gm. in weight were used in these 
studies. The animals were housed in individual metabolism cages and were 
maintained on a diet of Purina chow pellets and water. 

1 hour after partial hepatectomy 1 mg. of dilute thymine-2-C" (final 
specific activity, 1.0 X 10’ c.p.m. per mg.) dissolved in water (2 ml.) was 
administered to each animal by intraperitoneal injection. This dosage 
was repeated at intervals of either 12 or 24 hours for 3 or 4 days, as indi- 
cated in Tables III and IV. The animals were sacrificed by decapitation 
24 hours after the last injection; the organs to be investigated were re- 
moved quickly, frozen in a dry ice-ethanol bath, and stored at —30°. 

The methods used for the isolation of the nucleic acids from tissues, for 
the preparation of nucleotides and free bases for counting, and for the 
measurement of radioactivity have been described previously (7). 

For the collection of respiratory CO, the animals were housed in closed 
metabolism cages, which also permitted the collection of urine and feces 
separately. The CO. was swept into NaOH traps with a continuous 
stream of CO-.-free air. The carbonate was precipitated from a suitable 
aliquot of the NaOH solution as BaCQs, the radioactivity of which was 
determined as previously described (7). - 

Experiments in Vitro—Freshly prepared rat liver slices (1.0 gm.), sus- 
pended in Krebs’ phosphate-saline buffer (8) (3 ml.), were incubated with 
thymine-2-C™ in Warburg vessels (15 ml.) at 37—38°, with air as the gas 
phase. The inset contained 5 per cent CO2-free NaOH (0.5 ml.). At 
appropriate times, 20 per cent trichloroacetic acid (0.3 ml.) was added from 
the side arm and the flask was shaken for an additional 5 minutes. The 
NaOH was then quickly removed from the inset, the inset was washed with 
water, and the washings were added to the NaOH solution. The carbonate 
was precipitated and counted as BaCQ3. 


RESULTS AND DISCUSSION 


The data presented in Table I show that thymine is very rapidly catab- 
olized by the rat and that the carbon of position 2 is excreted largely as 
CO, (about 60 per cent in 24 hours). A very small amount of the adminis- 
tered radioactivity was excreted in the urine and feces during a 24 hour 
period. Urine was collected under toluene at 12 hour intervals during a 
total period of 76 hours from the four animals used to obtain the data re- 
corded in Table IV. During the first 60 hours of this experiment the four 
animals received a total of 240,000,000 c.p.m., of which only 8,700,000 
c.p.m. (3.6 per cent) were excreted in the urine during 76 hours. It would 
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appear, therefore, that most of the intraperitoneally administered thymine 
was catabolized by the rat during this period. 

It is of interest to compare the present findings with those obtained in 
related studies by other investigators. Hurlbert and Potter (9) reported 
that, after a single intraperitoneal dose of orotic acid-2-C™ (1 mg.), the 
rat excreted 20 per cent of the isotope in the urine and 5 per cent in the 
respiratory COs during a 4 hour period. Rutman et al. (10) found that 
normal rats excreted 25 per cent of an intraperitoneal dose of uracil-2-C™ 
(20 mg.) in the urine and 23 per cent as respiratory CQOz in a period of 3 


TABLE I 


Excretion of C'* Following Intraperitoneal Administration to Rats of 1 Mg. 
(1.0 X 107 C.p.m.) of Thymine-2-C"* 


Rat 1 Rat 2 
=_— C™ excreted Per cent C4 excreted Per cent 
hrs. 
Respiratory CO ()-1 2,316,000 23.1 3,510,000 35.1 
1-2 1 ,658 , 000 16.6 1,362,000 13.6 
2-4 1,517,000 15.2 784 ,000 7.8 
4-6 257 , 000 2.5 136,000 1.4 
6-24 280 ,000 2.8 124,000 1.2 
24 hr. excretion | 6,028 ,000 60.2 5,916,000 59.17 
Urine* 0-24 681,000 6.8 


*A very small amount of radioactivity appeared in the feces, less than 0.5 per 
cent of the administered dose. 


hours. Other studies in this laboratory? have- shown that, even after an 
oral dose of 100 mg. of unlabeled thymine, the rat excretes only 8 per cent 
of this compound in the urine and feces. Thus, the administration of a 
larger amount of labeled uracil than of labeled thymine does not account 
for the greater excretion in the urine of the isotopic carbon. The present 
results not only show that the rat has the capacity to catabolize thymine 
rapidly, but also suggest that this compound is metabolized more rapidly 
and extensively than is orotic acid or uracil by this species. 

Incubation of rat liver slices with thymine-2-C™ (Table II) resulted in 
the formation of a considerable amount of CO, in a period of 2 hours; 
the amount formed was not altered by the presence of 100 units of potas- 
sium penicillin G per ml. of reaction mixture. No radioactive CO, was 


? Unpublished observations. 
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formed by the incubation of thymine with slices which had been heated at 
80° for 5 minutes. 

These studies perhaps shed some light on the pathways of pyrimidine 
degradation by the mammal. Cerecedo (11) proposed that thymine was 
degraded via thymine glycol to COs, urea, and acetol. However, experi- 
ments with N'-labeled thymine (2) and N'-labeled urea (12) indicated 
that the catabolism of thymine probably does not involve the direct forma- 
tion of urea. Although urea-C™ has been reported (13) to be partially 
metabolized by the rat to C™O:, evidence has been presented (14, 15) 
which suggests that the catabolism of urea in mice and in cats, and pre- 
sumably in other mammals, is due to the presence in the gastrointestinal 
tract of bacteria possessing urease activity. Moreover, the rapid renal 


TABLE II 
Metabolism of Thymine-2-C'* by Rat Liver Slices 


| Per cent 


Experiment I Experiment IIt 
30 2.8 5.8 
60 7.4 10.2 
90 11.2 14.9 
120 13.5 15.4 


120 (Heat-treated slices) 0.0 0.0 


* Each vessel contained 450 y (12,000 ¢.p.m.) of thymine-2-C"™. 

+t Potassium penicillin G added to a final concentration of 100 units per ml. 
clearance of urea suggests that a much larger proportion of carbon 2 of 
thymine would appear in the urine if urea were formed during the catab- 
olism of this compound. Although some of the thymine degradation may 
be the result of bacterial activity in the gastrointestinal tract, the results 
of the experiments in vitro reported herein indicate that a large part of the 
degradation probably takes place in the liver. The present findings, to- 
gether with the observations discussed above, strongly suggest that thy- 
mine is metabolized by the rat, in part at least, by a pathway other than 
that proposed by Cerecedo. 

Fink, Henderson, and Fink (16) have reported the presence of a small 
amount of 6-aminoisobutyric acid in rat urine after the administration of 
thymine or dihydrothymine, and have suggested that this compound arises 
by a direct conversion of the pyrimidine to this amino acid. 

The results of the administration, by intraperitoneal injection, of thy- 
mine-2-C"™ (Tables III and IV) indicate that this compound is utilized to 
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a small extent for the synthesis of DNA by regenerating rat liver and to a 
lesser extent by the other tissues investigated. As was the case with N®- 
labeled thymidine (17), the incorporation of the label into DNA appears 
to be quite specific, as evidenced by the small amount of tracer found in 


TaBLe III 


Specific activities of pyrimidine nucleotides, pyrimidines, and purines of nucleic 
acids from regenerating rat liver and combined internal organs after intraperitoneal 
administration of l mg. (1.0 x 107 ¢.p.m.) of thymine- 2- ai daily for 4 days. 


Specific activity, ¢.p.m. per uM 


PNA DNA 


Isolated compound ie 
Combined | | Combined 
Regenerating internal Regnerating | internal 
42.8 | | 
Deoxycytidylic acid... 17.4 | 
TABLE IV 


Specific activities of pyrimidine nucleotides, pyrimidines, and purines of nucleic 
acids of rat tissues after intraperitoneal administration of 1 mg. (1.0 X 107 e.p.m.) 
of thymine-2-C'4 twice daily at 12 hour intervals for 3 days. 


Specific activity, c.p.m. per uM 


PNA | DNA 


Isolated compound 


| Regen- | Small | | | 
| Spleen intestine Thymus! Spleen 

643.5 28.2 36.6 41.1 26.0 23.6 | 16.5 | 25.6 
27.0 32.9 19.8 39.4 286 2.4 23.6 

Uridyliec acid. 83.2 50.4 | 48.8 59.3. | | 

67.2 | 47.0 | 30.8 41.85 | | 

Cytidylic acid... (79.2 46.0 42.5 Lost” | | 
Deoxyeytidylic acid... | $3.6] 34.4! 14.5]! 36.8 
(61.5 | 42.5 25.0 | 34.2] 27.8| 13.0] 25.5 
Thymidylic acid... | | | 1320.0 695.0 126.0 | 340.0 
| | | | | 138.0 | 283.0 
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DNA cytosine and the PNA pyrimidines. The trace incorporation of (¥ 
into the latter compounds might be due to a minute amount of contami- 
nant in the starting material or, more probably, to the utilization of degra- 
dation products of the thymine. ‘The results also confirm the observations 
of Reichard and Estborn (17) and of Brown e¢ al. (1) that very little if any 
thymine is converted to DNA cytosine. 

From the data given in Tables III and IV it is evident that the adminis. 
tered thymine is diluted from 1000- to 5000-fold during its incorporation into 
DNA, depending on the amount and frequency of administration. The 
great rapidity of degradation of the thymine and excretion of carbon-2 as 
CO are compatible with the utilization in the synthesis of DNA of a 
metabolic degradation product to which the 5-methyl group is still at- 
tached, rather than of thymine per se. When compared to the incorpora- 
tion of pyrimidine deoxyribonucleosides or other precursors of nucleic 
acids, such as adenine or orotic acid, the present observations also indicate 
clearly that free thymine is not a prominent natural precursor of DNA 
thymine. 


SUMMARY 


1. During the 24 hour period following the intraperitoneal injection of 
1 mg. of thymine-2-C™, 60 per cent of carbon 2 was expired as carbon di- 
oxide, and about 6 per cent was excreted in the urine. During the first 
4 hours after the administration of the labeled thymine 55 per cent of the 
label appeared in the respiratory carbon dioxide, indicating an extremely 
rapid catabolism of this compound. 

2. Incubation with rat liver slices also resulted in a significant catabolism 
of thymine-2-C" with the formation of C™Qs. 

3. Thymine-2-C" is utilized to a small but significant extent for the 
synthesis of DNA by regenerating rat liver and to a lesser extent by small 
intestine, spleen, and thymus. 
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THE OXIDATION OF BETAINE ALDEHYDE BY BETAINE 
ALDEHYDE DEHYDROGENASE* 


By H. A. ROTHSCHILD anp E. S. GUZMAN BARRON 


(From the Chemical Division, Department of Medicine, University of Chicago, 
Chicago, Illinois) 


(Received for publication, January 18, 1954) 


There is considerable evidence for the view that betaine plays an impor- 
tant role as a methyl donor in transmethylation reactions (1, 2). Whether 
betaine is derived exclusively from choline through oxidation to betaine 
aldehyde and to betaine is not yet known, although the absence of these 
two oxidizing enzymes in many animal tissues indicates the existence of 
other pathways for the formation of betaine. It has been shown that 
choline oxidase, present in the mitochondria of rat liver, requires —SH 
groups in the protein moiety for enzymatic activity and two oxidizing 
catalysts: flavin-adenine dinucleotide and cytochrome c (3). Betaine al- 
dehyde dehydrogenase, the second oxidizing enzyme in the pathway from 
choline to betaine, was found in rat liver by Bernheim and Bernheim (4). 
Klein and Handler (5) observed that oxidation of betaine aldehyde by 
washed liver suspensions was increased on addition of diphosphopyridine 
nucleotide (DPN), whereas triphosphopyridine nucleotide (TPN) had no 
effect. Betaine aldehyde dehydrogenase, like choline oxidase, seems to be 
present only in certain animal tissues and plants. Contrary to the belief 
of Williams (6), it was not present in the mitochondria but in the super- 
natant fraction of rat liver. ‘The enzyme has been partly purified and has 
been found to be a soluble —SH enzyme, which catalyzes the oxidation of 
betaine aldehyde with DPN as the oxidizing catalyst. 


EXPERIMENTAL 


Preparation of Reagents—Betaine aldehyde was prepared by Dr. Marcelle 
Schubert of this laboratory, essentially according to Voet (7). The re- 
peated attempts to prepare it as the crystalline compound failed because 
of the rapid and progressive polymerization of the aldehyde. Aqueous 
solutions of a high degree of purity were prepared as follows: 13 gm. of 
(CH;);3N gas were passed from a cylinder into a bomb tube chilled in a 
freezing mixture in a Dewar flask. 33.5 gm. of CICH2»CH(OC;H;)2 and 


* These studies were aided by a contract, No. N60ri, between the Office of Naval 
Research, Department of the Navy, and the University of Chicago, and by the 
Douglas Smith Foundation for Medical Research of the University of Chicago. 

t Permanent address, Laboratorio de Fisiologia Celular, Departamento de His- 
tologia e Embriologia, Faculdade de Medicina, Universidade de Sao Paulo, Brazil. 
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75 ml. of 33 per cent (volume) ethyl alcohol were added. The tube, half 
full, was sealed and heated for 8 hours at 125°. The tube was then opened 
and the contents were distilled at 35° under reduced pressure, the distillate 
being collected in a receiver chilled in ice. 18 ml. of unchanged diethyl. 
acetal were recovered. 0.2 mM Ba(OH)2 was added in small portions, and 
the distillation was continued until a test of the distillate showed neutra] 
reaction to pH paper. The Bat* was carefully removed by the addition of 
1.0 N H.SO, and the solution was shaken a few minutes with about 2 gm. of 
Darco G-60 and filtered. The clear pale brown liquid was concentrated 
in vacuo below 40° to 19 ml. and was transferred to an Erlenmeyer flask 
kept in an ice bath. Concentrated HC] (172 ml.) was added, the solution 
being chilled during addition. It was left at room temperature for 4 hours, 
The solution was freed of most of the HCl by distillation under reduced 
pressure, and the reddish brown solution was diluted to 100 ml. Solid 
NaHCO; (3.1 gm.) was added to the solution to bring the pH to 6.8 to 7.0. 
Darco G-60 was again added and after filtration a very pale yellow clear 
solution was obtained. 

Betaine aldehyde was found to share with other aldehydes the prop- 


erty of forming with bisulfite reversible complex compounds of the type 


RCH(OH)SO; (8). The complex was completely dissociated at pH 8, a 
property which was utilized for the titration of betaine aldehyde. An 
aliquot of the aldehyde was added to 10 ml. of 0.05 m acetate buffer, pH 
4.62, containing 1 ml. of 1 m sodium bisulfite. The solution was left for 
30 minutes at 3°. The excess bisulfite was titrated with iodine, and the 
bisulfite complex was dissociated by addition of 10 ml. of 1 m NaHCO. 
Titration of the liberated bisulfite was made with 0.005 N iodine. The 
aldehyde solution was 0.52 Mm, a yield of 50 per cent. The purity of the 
preparation was checked by nitrogen determination according to Clark (9). 
The N content of the solution was 7.42 mg. per ml., which corresponds to a 
0.55 M aldehyde, i.e. a purity of 95 per cent. Betaine aldehyde was found 
alkali-stable, and 1 hour’s boiling in 0.1 N NaOH had no effect on the ti- 
tration. 

DPN, coenzyme A, and sodium adenosinetriphosphate were purchased 
from the Pabst Laboratories; TPN, from the Sigma Chemical Company. 
Purity of the DPN was determined by its reduction with ethyl alcohol and 
alcohol dehydrogenase, and that of the TPN with glucose-6-phosphate and 
its dehydrogenase. pu-Glyceraldehyde was provided by Dr. H. O. L. 
Fischer; disodium ethylenediaminetetraacetate was provided by the Bers- 
worth Chemical Company, Framingham, Massachusetts. Protein was 
measured spectrophotometrically according to Warburg and Christian (10) 
after correction with nitrogen Kjeldahl determinations. Spectrophoto- 
metric measurements in the ultraviolet were made in a Beckman spectro- 
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photometer (kept at 20°) provided with a photomultiplier attachment and 
properly shielded from stray light. The instrument gave reproducible 
measurements down to 200 my with a maximal slit width of 0.15 mm. 

Preparation of Enzyme—Betaine aldehyde dehydrogenase was prepared 
from rat liver. White rats of the Sprague-Dawley strain were anesthetized 
with ether, and, after the abdominal cavity was opened, the liver was per- 
fused through the heart with cold Ringer’s solution to free it from blood. 
As a general procedure the livers from two to three rats (200 to 300 gm.) 
were cooled in ice, cut into small pieces, and homogenized for 90 seconds 
in 10 volumes of ice-cold KCI-KHCQOz; solution (80 ml. of 0.154 m KCI 
and 20 ml. of 0.154 m KHCO;). The suspension was centrifuged for 20 
minutes at 0° and 600 X g in the International refrigerated centrifuge model 
PR-1. The supernatant fluid was centrifuged in vacuo at 0° in the Spinco 
model L preparative centrifuge for 40 minutes at 152,000 X g. The bottom 
portion containing mitochondria and microsomes, as well as the upper fat 
layer, was discarded. The optically clear fluid, which contained the en- 
zyme, was treated with (NH4)2SO, in an ice-cold bath in the room at 3°, 
the salt (31.5 gm. per 100 ml., 50 per cent saturation) being added in small 
portions with continuous stirring. The solution was stirred slowly and 
continuously for 30 minutes and was then centrifuged at 3° in the Servall 
centrifuge for 20 minutes. The supernatant fluid was treated again with 
(NH,)2SO,4 as previously (9.95 gm. per 100 ml., 60 per cent saturation) and 
was centrifuged for 20 minutes. The precipitate, which contained the en- 
zyme, was dissolved in about 7 ml. per liver. The 50 per cent (NH,4)2SO, 
precipitate contained no enzyme. The two preliminary centrifugations 
discarded a large amount of inactive protein and thus achieved some 
degree of purification. Assay of the enzyme was performed spectrophoto- 
metrically at pH 8.87 with tris(hydroxymethyl)aminomethane (Tris) as 
buffer. The second (NH,4)2SO, precipitation gave a 5-fold purification 
(Table I). 

Extent of Betaine Aldehyde Oxidation—In the presence of the enzyme, 
MgCl, cysteine, and DPN, betaine aldehyde was rapidly oxidized, as in- 
dicated by the corresponding reduction of DPN (Fig. 1). Addition of 
betaine (100 times the initial concentration of betaine aldehyde) at the 
end of the reaction did not produce appreciable reoxidation of DPNH. 
Oxidation of betaine aldehyde by the enzyme system may be considered 
for practical purposes irreversible. 


+ + 
(CH;);NCH.COH + DPN+ + H.0 — (CH;);,NCH:COOH + DPNH + H+ 


The enzymatic oxidation of betaine aldehyde could be used for its de- 
termination (Fig. 2). 
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Specificity—Of the known biologically important oxidation-reduction cat. 
alysts, only DPN oxidized betaine aldehyde. There was no oxidation 
addition of TPN, flavin-adenine dinucleotide, flavin mononucleotide, or cy. 
tochrome c. The experiments with the last three oxidation catalysts were 
performed in the absence of dissolved oxygen in closed cells of the Thunberg 
type. There was no reduction of the flavins or of cytochrome c. The en. 
zyme showed substrate specificity. Aliphatic aldehydes, such as acetalde. 
hyde, glyceraldehyde, and butyl aldehyde, or aromatic aldehydes, such as 
benzaldehyde, were not oxidized. The enzyme has great affinity for 
betaine aldehyde, as shown by the value of the Michaelis constant, 11 
xX 10-* m, determined graphically according to Lineweaver and Burk’s 
(11) modification of Michaelis and Menten’s equation (12) for the deter. 


TABLE 
Partial Purification of Betaine Aldehyde Dehydrogenase 


Source of enzyme, two rat livers previously perfused. Assay, 1.8 ml. of Tris 
buffer, pH 8.84, + 0.2 ml. of DPN containing 0.3 um + 0.15 ml. of 0.1 Mm cysteine 
+ 0.15 ml. of 0.1 mM MgCl, + 0.3 ml. of enzyme + 0.3 ml. of 0.54 mM NaCl. At zero 
time 0.1 ml. of 0.1 M betaine aldehyde added. 1 unit is defined as the increment in 
optical density of 0.01 per minute. 


Purification step Volume Protein 
ml unils X mg. 
g. X ml. units protein 
Supernatant, 152,000 KX g................... 258 7.74 4558 2.28 
25 50% (NH4)2SO, pptn.......... 280 2.64 3500 4.74 
60% (NH4)2SO, ppt. dissolved in H20....... 20 22.81 4652 10.2 


mination of the dissociation constant of the enzyme-substrate complex. 
It seems, however, that other aldehydes can attach themselves to the pro- 
tein at the site of attachment of betaine aldehyde, as shown by the in- 
hibition produced by acetaldehyde and glyceraldehyde when added to 
the enzyme previous to the addition of betaine aldehyde (Table II). There 
was partial protection of the enzyme against this inhibition when betaine 
aldehyde was added first. 

It was shown some years ago that halogenated alkylamines, which in 
aqueous solution produce ethylenimonium intermediate compounds, in- 
hibit choline oxidase (13). Addition of methyl] (bis-6-chloroethyl)amine to 
betaine aldehyde dehydrogenase produced enzyme inhibition, which, like 
the inhibition of choline oxidase, was prevented when betaine aldehyde was 
added prior to the addition of the nitrogen mustard (Table II). 

The aldehydes and the nitrogen mustard may be classified as structural 
inhibitors, producing an inhibition by their chemical similarity to betaine 
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aldehyde: The first is similar to the aldehyde group; the second, similar to 
the quaternary nitrogen group of betaine aldehyde. It may be concluded 
‘rom these experiments that betaine aldehyde has two sites of attachment 
to the protein moiety of the enzyme: the quaternary nitrogen and the al- 


dehyde groups. 


1 1 1 i 1 


5 6 9 /2 O05 YE; 
Fia. 1 Fic. 2 


Fic. 1. Oxidation of betaine aldehyde by betaine aldehyde dehydrogenase. Sys- 
tem, 1.8 ml. of Tris buffer, pH 8.84; 0.15 ml. of 0.1 M cysteine; 0.15 ml. of 0.1 m MgCl.; 
0.2 ml. of DPN containing 0.5 um; 0.1 ml. of enzyme. 0.1 ml. of betaine aldehyde 
containing 0.354 um added at zero time. Abscissa, time in minutes; ordinate, op- 
tical density at 340 mu due to reduced DPN. 

Fic. 2. Determination of betaine aldehyde, as measured spectrophotometrically 
by the reduction of DPN in presence of the dehydrogenase. System, 2 ml. of Tris 
buffer, pH 8.77; 0.3 ml. of DPN (0.525 um); 0.1 ml. of 0.1 m cysteine; 0.15 ml. of 0.1 m 
MgCl.; 0.2 ml. of enzyme; 0.19 ml. of H2O; 0.06 ml. of aldehyde. Abscissa, betaine 
aldehyde in micromoles per ml.; ordinate, optical density at 340 mu. Tempera- 
ture 26°. 


Effect of Cysteine—During the first attempts of enzyme purification it was 
observed that the activity of the enzyme varied considerably. Since such 
variations are observed frequently among —SH enzymes, the effect of 
cysteine and glutathione was studied. In all cases enzyme activity in- 
creased considerably on addition of these thiol compounds, cysteine being a 
more effective activator. Optimal activity was reached with a concentra- 


tion of cysteine around 3 X 10-3 m (Table III). 
Effect of Cations and of Dialysis—When the enzyme solution was di- 
alyzed overnight at 3° against 0.1 m KCl, the enzyme lost about half of its 
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activity. Moreover, the oxidation of betaine aldehyde never reached com. 
pletion, and 3 to 4 minutes after addition of the aldehyde the rate of DPN 
‘reduction decreased considerably. The addition of MgCl. decreased this 
loss of activity (Fig. 3) without, however, increasing it to the level of the 
non-dialyzed enzyme. The enzyme was not inhibited by 0.02 m NaF, 


TABLE II 
Inhibition of Betaine Aldehyde Dehydrogenase by Structural Inhibitors 
System, 1.8 ml. of Tris buffer; 0.1 ml. of enzyme; 0.2 ml. of DPN containing 0.27 
uM; 0.1 ml. of 0.2 m MgCle; 0.15 ml. of 0.1 M cysteine; 0.55 ml. of H20; 0.1 ml. of 0.1 « 
betaine aldehyde. The inhibitor was added soon after addition of enzyme and was 
kept for 5 minutes before addition of the other compounds. In the experiments with 
methyl (bis-8-chloroethyl)amine, cysteine was omitted. 


Inhibitor Concentration | Inhibition 
M | per cent 
Methyl 0.001 | Complete 
TaBLeE III 


Effect of Cysteine on Activity of Betaine Aldehyde Dehydrogenase 


System, 2.25 ml. of Tris buffer; 0.45 ml. of DPN containing 0.3 um; 0.1 ml. of en- 
zyme containing 2 mg. of protein; 0.1 ml. of H:2O or cysteine; 0.1 ml. of 0.1 m alde- 
hyde. Temperature 25°. 


Cysteine Optical density 0.3 
M min 
None 21.73 
3.3 1074 9.00 
1.67 X 1073 2.23 
3.3 X 1073 1.75 
1.0 X 10°? 2.08 


and disodium ethylenediaminetetraacetate had no effect at all. Dialysis 
against distilled water produced further loss of activity and large protein 
precipitation. Enzyme activity could be partly restored by the addition 
of MgCl, (0.005 m) and of NaCl or KCl (0.02 m). Addition of NaCl in- 
creased the activity by 66 per cent, and of KCl by 21 per cent. It seems 
that the enzyme is not easily soluble in water but in salt solutions. Dilu- 
tion of the enzyme solution with water produced precipitation, which was 
avoided by dilution with 0.15 m NaCl. 
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There are probably other dialyzable factors besides Mg*t*t and Nat 
which are necessary for maximal activity of the enzyme. Addition of co- 
enzyme A and of folic acid to the dialyzed enzyme had no effect at all. 
Inhibition by —SH Reagents—Activation of the enzyme by the addition 
of cysteine may. be an indication of the requirement of —SH groups, or 
indication of inhibition by traces of heavy metals, withdrawn by cysteine. 
Further evidence in favor of the first assumption was found in the inhibition 


i 
of 
i 
dlr 
1 1 i | L L l 
2 4 6 8 /0 7 8 9 /0 
Fig. 3 Fia. 4 
Fic. 3. Effect of Mg*t* on the activity of betaine aldehyde dehydrogenase. Di- 


alyzed enzyme. Abscissa, time in minutes; ordinate, optical density at 340 mu. 
Curve 1, no MgCl.; Curve 2, 0.006 m MgClo. 

Fig. 4. pH-activity curve of betaine aldehyde dehydrogenase. Abscissa, pH 
units; ordinate, time in minutes to reach optical density of 0.270 at 340 my. Tris 
buffer, from pH 7.5 to 10; phosphate, pH 6.5, 7.0, 8.08, and 10.75. 


produced by known —SH reagents. In all these experiments the —SH 
reagents were added to the enzyme 5 minutes prior to the addition of DPN 
and of betaine aldehyde. p-Chloromercuribenzoate inhibited the activity 
of the enzyme to a degree proportional to its concentration, an indication 
that all the —SH groups of the molecule are necessary for activity. Iodo- 
sobenzoate also inhibited the enzyme. Iodoacetate and iodoacetamide, 
however, were much less effective, as if the —SH groups of the protein were 
resistant to the action of alkylating agents (Table IV). 

It is known, since the classic observations of Hopkins et al. (14) and of 
Rapkine (15), that —SH enzymes may be protected against inhibition by 
—SH reagents through the addition of the substrate and in some cases 
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through the addition of the oxidation catalyst previous to the addition of 
the inhibitor. Betaine aldehyde dehydrogenase was protected completely 
against inhibition by p-chloromercuribenzoate by the previous addition of 


TABLE IV 
Inhibition of Betaine Aldehyde Dehydrogenase by —SH Reagents 


In all these experiments the system was made up of 1.8 ml. of Tris buffer: 0.3 ml. 
of enzyme; 0.2 ml. of DPN containing 0.253 um; 0.1 ml. of 0.2 m MgClo: 0.5 ml. of 
H:0. Total volume, 2.9 ml.; 0.1 ml. of 0.1 Mm aldehyde added at zero time. The 
inhibitor was added before addition of DPN and replaced part of the volume of 
water. 1 minute later, DPN was added. Temperature 26°. 


| 


Inhibitor | Concentration Inhibition 
p-Chloromercuribenzoate................... | 10 X 10°4 | Complete 
| 1 x 10°3 | 40 


TABLE V 
Protection of Betaine Aldehyde Dehydrogenase against Inhibition with —SH Reagents 
System, 1.80 ml. of Tris buffer; 0.5 ml. of enzyme; 0.1 ml. of MgCl; 0.2 ml. of 


DPN; 0.3 ml. of H20 or inhibitor; 0.1 ml. of 0.1 Maldehyde. In the protection experi- 
ments, aldehyde or DPN was added 5 minutes before addition of inhibitor. 


Experimental conditions | Concentration | Inhibition 


| M per cent 
p-Chloromercuribenzoate................... 10-8 | 56 
Aldehyde before inhibitor................... 3.3103 | None 
DPN before inhibitor....................... 3.5 X& 1074 11.5 
1 10-4 | 98 
Glutathione 5 min. later.................... 1 X 1073 | 50 


betaine aldehyde and partially by the previous addition of DPN (Table V). 
Addition of glutathione after the addition of p-chloromercuribenzoate pro- 
duced partial reversal of enzyme inhibition. 

pH-Activity Curve—The optimal activity of the enzyme was from pH 8.8 
to 9.2. At pH 7 the activity dropped by 78 per cent. There was no en- 
zyme activity at pH 6.5 and 10.7 (Fig. 4). The presence of phosphate 
ions had no influence on the enzyme activity; the rate of aldehyde oxidation 
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at pH 8.08 was identical in phosphate buffer, Tris buffer, or in a mixture 
of both. 

Effect of Temperature—Betaine aldehyde dehydrogenase was rather re- 
sistant to relatively high temperatures. By heating the enzyme solution 
for 15 minutes at 50° a further purification was achieved. 

Distribution of Enzyme—Betaine aldehyde dehydrogenase seems to be 
more widely distributed than choline oxidase. In the rat, the liver was 
the richest source of the enzyme, and next the kidney, but the small in- 
testine, heart, spleen, and brain also contained it (Fig. 5). Although not 
found in rabbit liver, it was present in calf liver and in human liver. 

The enzyme obtained from calf liver was different from the aldehyde 
dehydrogenase isolated from this organ by Racker (16) because it not only 
did not oxidize acetaldehyde, but the oxidation of betaine aldehyde was 
inhibited by previous addition of acetaldehyde. Moreover, Racker started 
the preparation of aldehyde dehydrogenase with acetone-dried powder of 
liver extracted with water. Rat liver treated in this manner had no 
betaine aldehyde dehydrogenase in the aqueous extracts. The enzyme ob- 
tained from calf liver was only one-sixth as active as that from rat liver. 

Combination of Betaine Aldehyde with Thiols—It is known that alde- 
hydes combine reversibly with thiols (17-19), forming simple addition 
compounds or condensation products. Most of these compounds are so 
easily dissociable that, when in aqueous solution, the sulfhydryl group 
can be titrated as if there was no combination. The combination of 
betaine aldehyde with cysteine was demonstrated spectrophotometrically. 
At pH 7.0 it was found that cysteine had a broad absorption band from 220 
to 240 my, whereas in acid solutions (0.1 N HCl) there is negligible absorp- 
tion above 250 muy, as reported by Anslow and Foster (20) and by Loof- 
bourow (21). Betaine aldehyde had a broad band from 260 to 290 mu. 
When cysteine and betaine aldehyde were mixed in a ratio of 1:2 in 0.02 
m phosphate buffer, the absorption spectrum was no more than given by 
a simple mixture, and the height of the broad absorption bands of cys- 
teine and of betaine aldehyde diminished, as shown in Fig. 6. The ab- 
sorption spectrum given in Fig. 6 for the addition compound was obtained 
by subtracting from the observed optical densities the optica] density of 
the excess betaine aldehyde. It was assumed that there was formation 
of the addition product. 


+ 
(CH;);NCH.COH + HSCH.CHNH:COOH = 
OH 
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When the cysteine concentration was kept constant (0.001 m) while that 
of betaine aldehyde increased, the broad absorption band of cysteine de- 
creased proportionately. By plotting the decrease in optical density at 


T T T T 


/2 210 250 290 270 290 3/0 
Fia. 5 Fic. 6 


Fic. 5. Distribution of betaine aldehyde dehydrogenase in rat tissues. Abscissa, 
time in minutes; ordinate, optical density measured at 340 mu due to DPN reduction. 
Enzyme, from 60 per cent (NH,)2SO, precipitation, 2.8 mg. in 0.1 ml. Curve 1, 
liver; Curve 2, kidney; Curve 3, small intestine; Curve 4, heart; Curve 5, spleen; 
‘Curve 6, brain. 

Fic. 6. Absorption spectrum of cysteine, betaine aldehyde, and the postulated 
addition complex between cysteine and aldehyde. 0.01 m cysteine; 0.02 m betaine 
aldehyde, dissolved in 0.02 m phosphate. pH 7.0. Abscissa, wave-length in milli- 
microns. Left ordinate, optical density from 200 to 250 mu. Right ordinate, optical 
density from 250 to 320 mu. Curve 1, cysteine; Curve 2, betaine aldehyde; Curve 3, 
absorption spectrum of the complex calculated by subtracting from the observed 
values the absorption spectrum given by 0.01 m betaine aldehyde. 


230 my against the ratio of aldehyde to cysteine, it was found that at pH 
7.0 half saturation was reached at a ratio of aldehyde to cysteine of 10. 
An attempt was made to measure the dissociation constant by measuring 
the intensity of the nitroprusside color reaction at pH 8.18 after it was 
found that the color was very faint at an aldehyde-cysteine ratio of 287. 
Cysteine concentration in these experiments was 4 X 10-* m. Color 
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formation was obtained by addition of 2.5 ml. of saturated NaCl, 1 ml. of 
Tris buffer, pH 8.18, 1 ml. of cysteine or cysteine plus aldehyde, and 0.5 
ml. of 0.067 mM sodium nitroprusside. Color intensity was measured at 
520 mu, 10°, and at different time intervals, the values obtained being 
extrapolated to zero time. Under these conditions half dissociation oc- 
curred (as measured by occurrence of color intensity half that given by 
cysteine alone) at a ratio of aldehyde to cysteine of 120. The increase in 
the ratio was probably due to loss of cysteine by formation of the nitro- 
prusside-cysteine complex with concomitant change in the ratio. Gluta- 
thione also combined readily at pH 7.0 with betaine aldehyde, as shown 
by decrease of the absorption spectrum of glutathione from 230 to 260 
mu. However, on iodine titration of glutathione alone and of glutathione 
plus aldehyde, hardly any difference was observed (3 per cent difference). 
Aldehyde complex formation with thiols, in general, takes place readily 
in neutral solutions, whereas the rate of complex formation is very slow 
in acid solutions (19, 22). Accordingly, there was no complex formation 
between cysteine and betaine aldehyde at pH 1 (0.1 m HCl), even after 24 
hours, at a ratio of betaine to cysteine of 10:1. The absorption spectrum 
remained that of a mixture of the two substances. 


DISCUSSION 


From the experiments presented here it may be concluded that betaine 
aldehyde dehydrogenase is a specific enzyme in regard to substrate and to 
oxidizing catalyst. ‘The enzyme requires the presence of —SH groups for 
activity. Complete protection against inhibition with —SH reagents by 
the previous addition of betaine aldehyde and the ready combination of the 
aldehyde with cysteine and glutathione speak in favor of the assumption 
that the aldehyde combines with the protein through the —SH groups 
present in the molecule. The inhibition produced by methyl (bis-8-chloro- 
ethyl)amine, which can be prevented by the previous addition of betaine 
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aldehyde, is an indication that betaine aldehyde has a second point of at. 
tachment through its quaternary nitrogen group. This double attach. 
ment would explain the great specificity of the enzyme. The over-.al] 
mechanism of the oxidation may then be expressed as shown in Reactions 
1 and 2. 

The point of attachment of DPN to the protein must be close to the —SH 
group of the protein, since previous addition of DPN produced partial 
protection against inhibition by —SH reagents. 

If oxidation of aldehyde takes place in two steps, as postulated by the 
Michaelis compulsory univalent oxidation hypothesis (23), the first step 
in the oxidation of betaine since would be the formation of the free 


radicals (CH3) sNCH.COH and DPNH. This step must occur at the pro- 


| 

protein 
tein surface where both aldehyde and DPN remain attached. In the 
second step of oxidation, the betaine would be liberated and DPNH formed. 
Support for the two-step oxidation of betaine aldehyde has been provided 
by formulation of the oxidation of aldehydes through the intermediate 
formation of oxocarbonium ions of Mosher and Preiss (24). 


SUMMARY 


Betaine aldehyde dehydrogenase has been partly purified from rat liver. 
The enzyme was also found to be present in some other tissues of the rat 
and in calf liver. The enzyme was quite specific for its substrate, betaine 
aldehyde, and for the oxidizing agent, DPN. Neither TPN nor flavin 
produced any oxidation. The optimal pH activity was from 8.8 to 9.2, 
and the value of the Michaelis constant was 1.1 K 10-*. The dehydrogen- 
' ase belongs to the group of —-SH enzymes; it was inhibited by —SH re- 
agents, and addition of cysteine or glutathione was necessary for maximal 
activity. 
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SYNTHESIS OF PHOSPHATIDES IN ISOLATED 
MITOCHONDRIA 


Il. INCORPORATION OF CHOLINE INTO LECITHIN* 
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(From the Ben May Laboratory for Cancer Research and the Department of Biochemistry, 
University of Chicago, Chicago, Illinois) 
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Previous publications (1, 2) have described the enzymatic incorporation 
of inorganic phosphate labeled with P* into the phosphatides of isolated 
rat liver mitochondria. These studies have shown that a-glycerophos- 
phate is an important intermediate in this process, and some evidence has 
been presented which indicates that a-glycerophosphate may be converted 
into a phosphatidic acid, accumulation of which may account for a con- 
siderable part of the radioactivity incorporated. Kornberg and Pricer (3, 
4) have independently shown that a-glycerophosphate may be converted 
to phosphatidic acids by enzymes present in liver tissue. 

In an effort to obtain more information as to the reaction pathway by 
which a-glycerophosphate is converted into phospholipides such as leci- 
thin, experiments with C'*-labeled choline have been carried out in enzyme 
systems derived from rat liver mitochondria. It is the purpose of this pa- 
per to describe an enzyme system in mitochondria which carries out the 
incorporation of free choline into lecithin by a pathway requiring adeno- 
sinetriphosphate but not involving phosphorylcholine as an obligatory 
intermediate. This enzyme system may thus be contrasted with that de- 
scribed by Kornberg and Pricer (5) in which phosphorylcholine is appar- 
ently the precursor of both the phosphorus and choline of a lipide which is 
presumably lecithin. 

A preliminary communication (6) on this work has already appeared. 


Materials and Methods 


Choline-methyl-C™ chloride was obtained from the Oak Ridge National 
Laboratory. Choline-1,2-C™ bromide was purchased from Tracerlab, Ine. 
Phosphorylcholine, labeled with either P®? or choline-methyl-C™, was pre- 
pared by a variation of the method of Plimmer and Burch (7). The prod- 
uct so obtained was subjected to brief acid hydrolysis before isolation and 


* This investigation was supported by grants from the Nutrition Foundation, Inc., 
and from the American Cancer Society recommended by the Committee on Growth 
of the National Research Council. 
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recrystallization as the barium salt of phosphorylcholine chloride. Ing. 
ganic phosphate labeled with P® was obtained from the Oak Ridge Ng. 
tional Laboratory and was purified before use (2). 

L-a-Glycerylphosphorylcholine, obtained as the crystalline cadmium 
chloride compound, was the generous gift of Professor Erich Baer of To 
ronto, Canada. 

Choline was determined as the reineckate by the method of Glick (8), 
Total nitrogen was determined with Nessler’s reagent (9) after digestion of 
the samples with sulfuric acid containing sodium sulfate and copper sele. 
nite. Phosphorus determinations were carried out by the method 
Gomori (10). 

All experiments were carried out in small beakers, with shaking in a 
Dubnoff apparatus at 38°. The time, unless otherwise specified, was | 
hour. Mitochondria were prepared from the livers of adult albino rats 
by methods previously described (2). 1 ml. of a suspension containing 
20 to 50 mg., dry weight, of mitochondria was added to each vessel just 
before incubation. At the end of the experiment, trichloroacetic acid was 
added, and the trichloroacetic acid-insoluble material was fractionated by 
a procedure, the details of which have already been given (2). The al- 
coholic extract containing the total phospholipides of the mitochondria was 
diluted with ethyl acetate or chloroform and equilibrated with aqueous 
buffers containing unlabeled choline (2). This procedure is necessary to 
remove unchanged choline and water-soluble radioactive products. Ali- 
quots of lipide extract are then dried in aluminum cups and counted under 
conditions of negligible self-absorption. 


EXPERIMENTAL 


Incorporation of Choline into Mitochondrial Lecithin—When mitochondria 
freshly isolated from isotonic sucrose homogenates of rat liver were incu- 
' bated with radioactive choline under conditions designed to support oxida- 
tive phosphorylation, incorporation of radioactivity into the lipide phos- 
phorus fraction was noted. The results of such an experiment are shown 
in Fig. 1. After the first 10 minutes, during which temperature equilibra- 
tion was taking place, the rate of uptake of radioactive choline into mito- 
chondrial phospholipides continued at a linear rate for at least 1 hour. 
The incorporation at zero time, 7.e. when trichloroacetic acid was added 
immediately after the addition of the enzyme, was negligible, indicating 
the complete effectiveness of the techniques used for the removal of un- 
reacted radioactive choline from the lipide fraction. At the end of 1 
hour, the specific activity of the choline isolated from the mitochondrial 
phospholipides after alkaline hydrolysis was found to be about 2.5 per cent 
as high as that of the labeled choline added. 
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Isolation of Radioactive Lecithin from Mitochondria—In the experimental 
procedures routinely used in these studies, the total lipide fraction was 
separated from the trichloroacetic acid-insoluble precipitate at the end of 
the experiment by a method largely based on that of Schneider (11). De- 
tails of this procedure appear in the section. ‘‘Materials and methods” of 
this paper and in a previous publication (2). It was of course recognized 
that the fraction so obtained and counted is a grossly impure mixture of 


: 


TOTAL RADIOACTIVITY OF LECITHIN 


2000 
1000 


MINUTES 


Fic. 1. Each vessel contained 15 um of MgCl., 100 um of sodium succinate, 3 um of 
adenylic acid, 100 um of phosphate buffer of pH 7.4, and 10 um of choline-methyl-C™ 
with a specific activity of 65,000 counts per um. The final volume of the system was 
3.0ml. 1 ml. of a suspension of rat liver mitochondria was added just before shaking 
for the time indicated in a Dubnoff apparatus at 38°, with air as the gas phase. The 
reaction was ended by adding 2.0 ml. of 10 per cent trichloroacetic acid. The total 
phospholipide fraction was isolated and counted as described in the text. 


all of the mitochondrial lipides. For this reason, further experiments were 
undertaken to identify the lipide substances labeled with the radioactive 
choline. 

When aliquots of the crude lipide extracts were hydrolyzed with 1.0 N 
KOH by the method of Hack (12) at 37°, it was found that 86 per cent of 
the radioactivity could be recovered as choline reineckate, indicating that 
most if not all of the radioactivity was present in the form of a compound 
having the alkali stability of lecithin rather than that of sphingomyelin. 
Experiments with the ion exchange resin IR-120 H+ eliminated the possi- 
bility that the radioactive choline was present as a simple long chain fatty 
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acid ester, since such esters are readily adsorbed on the resin under condi- 
tions in which no adsorption of the radioactive lipide was noted. 

Definite proof that lecithin was the principal if not the only labeled com- 
pound present was afforded by experiments in which radioactive lecithin 
of a high degree of purity as judged by N-choline-P ratio was isolated from 
the crude lipide extracts by chromatographic methods. 

Details of one such isolation procedure are as follows: 315 ml. of crude 
ethanolic extract of mitochondria pooled from several experiments were 
diluted with an equal volume of chloroform and washed three times with 
an aqueous solution of 0.02 m citric acid containing 0.02 m KCl. The 
chloroform phase was then dried over anhydrous sodium sulfate and con- 
centrated under vacuum to 25 ml. 

A column of aluminum oxide about 16 cm. in height and 1.7 em. in di- 
ameter was then prepared by suspending aluminum oxide (Merck’s “suit- 
able for chromatographic adsorption’’) in chloroform and packing it into a 
tube fitted with a plug of glass wool and a stop-cock. The suitability of 
this adsorbent for the preparation of highly purified lecithin had previously 
been shown by Hanahan ef al. (13) under different conditions. The dry 
chloroform concentrate (24 ml. containing 107 uM of lipide P and 15,900 
counts of total radioactivity) was then passed over the column and washed 
with 70 ml. of chloroform in four portions. All of the radioactivity and 
lipide phosphorus were adsorbed. The column was then eluted with a 
mixture of equal volumes of chloroform and ethanol, two fractions of 4 
ml. each being taken per hour with the aid of a mechanical fraction col- 
lector. Total nitrogen, phosphorus, and radioactivity measurements were 
then performed on each fraction. 

The results of this experiment are illustrated in Fig. 2. It will be seen 
that the radioactivity emerges as a single well defined peak, and that the 
experimental points for total N, total P, and radioactivity fit closely to 

the same curve, indicating that the radioactive choline is present as part 
of a phospholipide with a N:P ratio of unity. Of the total radioactivity 
added, about 13,400 counts, or 84 per cent, were recovered in the fractions 
collected between 12 and 48 ml. of eluate. In another experiment, in 
which the tubes at the peak of the curve were pooled and analyzed, the ra- 
tio of N-choline-P was 0.98: 1.00: 1.04. 

The isolation of highly purified lecithin representing an almost quanti- 
tative recovery of the radioactivity of the lipide extract justifies the con- 
clusion that the radioactive choline is incorporated chiefly if not exclusively 
into the mitochondrial lecithin. 

Effect of Concentration of Choline—When the concentration of radioac- 
tive choline in the test system was varied over a considerable range and 
the incorporation of radioactivity into lecithin was measured, the results 
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presented in Fig. 3 were obtained. The rate of incorporation was found to 
bear a roughly linear proportionality to the concentration of choline until 
values of about 0.0033 m were reached, above which the enzyme system 
appeared to be saturated with choline. Interpretation of these data is 
complicated by the fact that oxidation of added choline also takes place 
in mitochondrial preparations (14). Large amounts of succinate are added 
to the system as a source of metabolic energy and to minimize the oxida- 
tion of choline. At the conclusion of some experiments, the choline re- 
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Fic. 2. Successive 4.0 ml. fractions were collected from the column and analyzed 
for total N (O), total P (@), and radioactivity (xX). Tubes 13 to40 were pooled for 
analysis. Complete details of the chromatographic procedure are given in the text. 


maining was recovered from the acid-soluble fraction by precipitation from 
neutral solution as the reineckate. About three-fourths of the radioac- 
tivity added initially could be recovered as an insoluble reineckate, indi- 
eating that no more than one-fourth of the choline was oxidized as far as 
the betaine. The proportion of betaine aldehyde in the insoluble rein- 
eckate was not determined. 

Comparison of Choline-Methyl-C* and Choline-1 ,2-C'*—In the experi- 
ments with methyl-labeled choline the possibility was considered that there 
might be a preferential utilization of the methyl carbon of the added cho- 
line, in view of the known occurrence of a variety of transmethylation 
reactions. When choline-methyl-C" and choline-1 ,2-C™ were tested un- 
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der identical conditions and with the same enzyme preparation, the rates 
of incorporation were found to be very nearly identical (Table I). This 
finding, together with the fact that the radioactivity can be quantitatively 
recovered from hydrolysates of the phospholipides as choline, makes it 
certain the entire choline molecule is incorporated as such into the lecithin 
fraction. | 
Requirement for Adenosinetriphosphate—The enzymatic incorporation of 
choline into mitochondrial lecithin has been found to require a source of 
metabolic energy in the form of adenosinetriphosphate (ATP). In freshly 
isolated mitochondria, the ATP is continuously generated from the added 


THIN 


10,000 


TOTAL RADIOACTIVITY OF LECI 


CHOLINE ADDED (MICROMOLES) 
Fic. 3. The experimental conditions were exactly as described in Fig. 1, except 


that the amounts of radioactive choline added were varied as indicated. The time 
of incubation was 1 hour. 


2 16 


adenylic acid by the oxidative phosphorylation enzyme system, which is 
also localized in mitochondria (15). If, however, adenylic acid is omitted 
or small amounts of 2,4-dinitrophenol are added to uncouple oxidative 
phosphorylation, then incorporation of radioactive choline into lecithin falls 
to low levels, as the experimental results in Table II reveal. 

The oxidative phosphorylation system per se is not necessary for leci- 
thin synthesis; in experiments with acetone-treated mitochondria, which 
do not carry out oxidative phosphorylation, incorporation of choline into 
lecithin may still be observed. With these enzyme preparations, the in- 
corporation reaction is completely dependent upon added ATP (Table 
IV). 

The observed requirement for ATP makes it very unlikely that the path- 


way of choline into lecithin is merely the reversal of the action of a hydro-— 


lytic enzyme. 
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Experiments with Phosphorylcholine—The hypothesis that phosphoryl- 
choline, which has been isolated from several mammalian tissues, may 
serve as a precursor of both phosphorus and choline moieties of lecithin 
has stimulated much discussion. Earlier studies, such as those of Riley 
(16) who used phosphorylcholine labeled with P*, were inconclusive be- 
cause of the necessity of doing experiments on intact animals or on tissue 
slices, so that the labeled compound was extensively hydrolyzed before 


TABLE I 
Relative Rates of Incorporation of Choline-Methyl-C'* and Choline-1,2-C' 


Total radioactivity of 
phospholipides 


c.p.m. 


5 um of choline-methyl-C'™ or of choline-1,2-C'* of identical specific activity 
(125,000 counts per uM) were added as shown. Other components of the system were 
as described in Fig. 1. 


TABLE II 


Dependence of Choline Incorporation on Oxidative Phosphorylation in Freshly 
Isolated Mitochondria 


Total radioactivity of 
phospholipides 


c.p.m. 
1.0 um 2,4-dinitrophenol added.......................... 759 


The experimental conditions were as described in Fig. 1, except that 5.0 um of 
choline-methyl-C', with a specific activity of 125,000 counts per uM, were added as 
tracer. The time of incubation was 1 hour. 


entering the site of phospholipide synthesis. Kornberg and Pricer (5) have 
described in a preliminary communication an enzyme system derived from 
liver tissue which is apparently capable of incorporating phosphorylcholine 
as a unit into a phospholipide compound which was not fully characterized, 
but presumably was lecithin. For these reasons, close attention was paid 
to the possibility that phosphorylcholine represents an intermediate stage 
in the incorporation of choline into lecithin by the mitochondrial enzyme 
system. 

In the first test of this hypothesis, labeled choline was incorporated into 
lecithin in the presence of a large pool of unlabeled phosphorylcholine. If 
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phosphorylcholine is an obligate intermediate in the reaction sequence, 
then one should observe a large decrease in the radioactivity incorporated 
into lecithin, since the specific activity of the phosphorylcholine pool will 
be very much depressed by the added unlabeled material. This possibility 
has been tested in a number of experiments, and no significant diluting ef. 
fect has ever been noted. Results of a typical experiment are presented 
in Table III. A possible objection to this type of experiment is that, since 
the mitochondrial enzyme system is particulate, the added phosphory!- 
choline may not penetrate to the site of enzymatic synthesis. However, 


TaBLe III 
Experiments with Phosphorylcholine 
Total radioactivity of 
phospholipides 

c.p.m. 
Experiment A 

Complete system 9600 

10 uM unlabeled phosphorylcholine added 8225 

Phosphorylcholine-P* in place of choline-methyl-C'4 ‘147 

Zero time control 163 
Experiment B 

Complete system 3000 

Phosphorylcholine-methyl-C" in place of choline- 179 
methyl-C!4 


In Experiment A, the complete system contained 10 um of choline-methyl-C" 
with a specific activity of 200,000 counts per um. The phosphorylcholine-P® had a 
specific activity of 60,000 counts per um. All other components were exactly as in 
Fig. 1. In Experiment B, the specific activity of the choline-methyl-C'™ and phos- 
phorylcholine-methyl-C'* was identical (125,000 counts per um). Other conditions 
were the same as those of Experiment A. 


such large molecules as ATP and a-glycerophosphate do penetrate to the 
enzyme site, and isotope dilution effects of the kind described can be 
readily demonstrated (2). Furthermore, experiments with extracts of ace- 
tone powders of mitochondria, in which the permeability phenomena can 
scarcely play a part, also support the conclusion that phosphorylcholine is 
not an intermediate in this reaction sequence. 

To test the réle of phosphorylcholine more directly, this compound was 
prepared in labeled form with P* and also with choline-methyl-C™. When 
these compounds were tested in enzyme systems which catalyzed the rapid 
incorporation of free choline, no significant formation of radioactive lecithin 
took place, either with fresh mitochondrial preparations or with suspen- 
sions of acetone powders of mitochondria. The experimental results with 
these labeled compounds appear in Tables III and IV. 
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t-a-Glycerylphosphorylcholine—t.-a-Glycerylphosphorylcholine, which has 
likewise been isolated from a number of natural sources (17), has also been 
postulated as an intermediate in lecithin synthesis. Experiments with un- 
labeled L-a-glycerylphosphorylcholine, prepared synthetically by Profes- 
sor Erich Baer, indicated that no isotope dilution of intermediates formed 
from radioactive choline took place, leading to the conclusion that this 
compound also is not an intermediate in the incorporation of choline into 
mitochondrial lecithin. 


TaBLeE IV 
Incorporation of Choline into Phospholipides of Acetone-Treated Mitochondria 


Total radioactivity of 
phos pholipides 
c.p.m 
Experiment 1 
Complete system 710 
Zero time control 66 
ATP omitted 66 
Phosphorylcholine-methyl-C' in place of choline- 33 
methyl-C!4 
Experiment 2 
Complete system 1240 
Phosphorylcholine-methyl-C" in place of choline- 53 
methyl-C'!4 


1 ml. of a 10 per cent suspension of acetone-treated mitochondria was used as 
enzyme in these experiments. The specific activity of the phosphoryl-choline- 
methyl-C'* and the choline-methyl-C' used in these experiments was identical 
(125,000 counts per uM). 15 um of ATP were added in the complete system in place 
of adenylic acid. Other conditions were similar to those for the experiment in Fig. 
1. The time of incubation was 1 hour. 


Experiments with Acetone-Treated Mitochondria—lIt is clear that a real 
understanding of the processes of phosphatide synthesis in mitochondria 
requires that the individual enzymes catalyzing single steps in this process 
be rendered soluble and purified. Accordingly, attempts were made to 
determine whether intact mitochondrial structure and the operation of en- 
zyme systems, such as that catalyzing the reactions of oxidative phos- 
phorylation, were necessary for the incorporation of radioactive choline 
into mitochondrial lecithin. Freshly prepared mitochondria were quickly 
suspended in 10 volumes of acetone chilled to —15° and filtered, and the 
precipitate was washed several times with cold acetone. After removal of 


the solvent under vacuum, the acetone-treated mitochondria were tested, 
with the results presented in Table IV. The mitochondrial acetone pow- 
ders retain a considerable ability to catalyze the incorporation of choline 
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into lecithin. The reaction is completely dependent upon added ATP, 
since no oxidative phosphorylation takes place in these preparations, 
Phosphorylcholine-methyl-C" is ineffective in replacing choline-methyl-C". 

This enzyme system has also been found in lyophilized mitochondria and 
in soluble extracts of lyophilized mitochondria. Experiments with these 
extracts will be reported in a later paper. 


DISCUSSION 


The experimental results described in this paper, together with results 
previously described (2), indicate that isolated rat liver mitochondria are 
capable of catalyzing the complete synthesis of a phospholipide molecule 
such as lecithin from very simple building blocks; 7.e., from glycerol, in- 
organic phosphate, choline, and fatty acids. Energy for these synthetic 
reactions must be supplied in the form of ATP, which in intact mitochon- 
dria is generated by phosphorylation coupled to strongly exergonic oxida- 
tive reactions. 

The enzymatic pathway by which choline is incorporated into the leci- 
thin of mitochondria has now been demonstrated not to involve the inter- 
mediate formation of either phosphorylcholine or L-a-glycerylphosphoryl- 
choline. In regard to the réle of phosphorylcholine, the mitochondrial 
enzyme system apparently may be sharply distinguished from that de- 
scribed by Kornberg and Pricer (5), in which phosphorylcholine doubly 
labeled with P*®? and C™ was incorporated into a lipide product with a prac- 
tically unaltered ratio of isotopes. It may be emphasized that the results 
obtained in the present study are in no sense a contradiction of those re- 
ported by Kornberg and Pricer, who worked with very different enzyme 
preparations. These workers have not as yet definitely characterized the 
lipide product formed from phosphorylcholine in their experiments. If it 

should prove to be lecithin, then apparently there must exist at least two 
pathways by which choline can be incorporated into this phosphatide by 
enzymes of mammalian liver. 


SUMMARY 


1. An enzyme system has been found in isolated rat liver mitochondria 
which is capable of catalyzing the incorporation of radioactive choline into 
mitochondrial phospholipides. Radioactive lecithin of a high degree of 
purity has been isolated from the mitochondrial phospholipides by chro- 
matographic procedures and has been shown to be the principal if not the 
sole labeled product formed. 

2. Choline-methyl-C™ and choline-1,2-C™ are converted to lecithin at 
identical rates. 

3. The incorporation of choline is dependent upon the presence of ATP, 
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either generated by oxidative phosphorylation in intact mitochondria or 
added as such in extracts of acetone-treated mitochondria. 

Phosphorylcholine L-a-glycerylphosphorylcholine have been 
tested and found not to be intermediates in the enzymatic conversion of 
choline to lecithin in the mitochondrial system. 

5. The synthesis of radioactive lecithin from labeled choline has also 
been observed in extracts of acetone-treated or lyophilized mitochondria. 
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ACETOACETATE FORMATION IN LIVER 


Ill. ON THE MECHANISM OF ACETOACETATE FORMATION FROM 
PALMITIC ACID* 


By G. W. BROWN, Jr., D. D. CHAPMAN, H. R. MATHESON, I. L. CHAIKOFF, 
AND W. G. DAUBEN 


(From the Department of Physiology, School of Medicine, and the Department of 
Chemistry, University of California, Berkeley, California) 


(Received for publication, October 8, 1953) 


Studies at the enzyme level have demonstrated that CoA! derivatives 
are formed during 8 oxidation of fatty acids and that the 2-carbon frag- 
ment of intermediary metabolism is acetyl SCoA! (1). Largely asa result 
of studies with homogenates (2, 3), tissue slices (4-10), and intact animals 
(11, 12), it has become apparent that the metabolism of the terminal 2 
carbons distal to the carboxy] group of fatty acids of the even series differs 
from that of other carbon pairs! of a fatty acid. Recently, Beinert and 
Stansly (13), using purified enzymes, observed an exchange of acetyl groups 
between acetyl SCoA and AAA! (and other §-keto acids). This finding 
has focused attention upon the terminal 4 carbons as the enzymatic locus 
for the generation of asymmetrically labeled AAA from isotopic fatty acids 
of the even series. 

In the present investigation we have employed palmitic acid-13-C™ and 
-15-C" to elucidate the manner by which the terminal 4 carbons of a long 
chain fatty acid of the even series are converted to AAA and CO,. From 
data on the CO, produced from these substrates by liver slices of fasted 
rats, we have obtained a measure of the contribution of the terminal 
fragment of palmitic acid to the general pool of 2-carbon fragments. 

Recently, a theoretical analysis of AAA formation from isotopic short 
chain fatty acids of the even series was presented by Brown and Chaikoff 
(14). This analysis was based upon the concept of two types of 2-carbon 
fragments as proposed by Crandall et al. (2, 3). Because we had pre- 
viously observed values for the C*O:C*OOH! ratio of AAA (for palmitic 
acid-5-C" and -11-C" (15)) that appeared to be significantly greater than 
unity, and hence in conflict with those predicted according to theory (2, 


* Aided by a grant from the American Cancer Society. 

‘The following abbreviations and terminology are employed: CoA, coenzyme A; 
acetyl SCoA, acetylated coenzyme A; AAA, acetoacetic acid; (C—C),,m, an ordered 
pair of adjacent carbons of a fatty acid; e.g., (C—C)>, 1 represents the a and carboxyl 
carbons; C*O:C*OOH, the ratio of isotope in the carbonyl carbon of AAA to that in 
the carboxyl carbon; C*H;:C*Hz2, the ratio of isotope in the methyl carbon of AAA 
to that in the methylene carbon. 
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3, 14), we have also reinvestigated the distribution of isotope in the ketone 
body formed from palmitic acid-1-C" and -11-C“. The results of experi- 
ments with seven palmitic acids (those labeled in the 1-, 2-, 3-, 6-, 11-, 13. 
or 15-carbon position), reported here, provide evidence for the occurrence 
of 4 metabolically distinct carbon atoms in palmitic acid: the methy] and 
carboxyl carbons of the terminal carbon pair and the corresponding car- 
bons of non-terminal carbon pairs. 


EXPERIMENTAL 
Synthesis of Isotopic Compounds 


Palmitic Acid-2-C'\—n-Tetradecylmagnesium bromide was carbonated 
with radioactive CO., and the resulting acid was reduced with lithium 
aluminum hydride to n-pentadecanol-1-C'%. The alcohol was converted 
to the bromide with hydrogen bromide, and the product was carbonated, 
via the Grignard reagent, with non-radioactive CO, to yield palmitic acid- 
2-C™, 

Palmitic Acid-3-C'—n-Tridecylmagnesium bromide was carbonated with 
radioactive COs, and the resulting acid was converted to its methyl ester 
with diazomethane. The ester was reduced with lithium aluminum hy- 
dride, and the n-tetradecanol-1-C'™ was transformed to the bromide with 
hydrogen bromide. A solution of the sodium derivative of diethyl ma- 
lonate in butanol was then allowed to react with the bromide, and the 
alkylated malonic ester was saponified and decarboxylated to yield pal- 
mitic acid-3-C". 

Palmitic Acid-15-C'*—The procedure of Dauben (16) for n-hexadecanoic 
acid-6-C" (palmitic acid-6-C') was employed. The synthesis involved the 
following steps: 


C iAlH 
CH.C“HMgBr (1) cn,cun.coon > 
—(CH:2)1—COCI (II 
2 4 


NaOH — 


4MHoCH ,COOH 
NH.NH, 


Ethyl bromide-1-C™ was prepared by the method of Tolbert et al. (17), 
and was converted to the corresponding Grignard reagent (I). -Car- 
bomethoxydodecanoy] chloride (II) was obtained by the half saponifica- 
tion (18) of dimethylbrassylate prepared from azelaic acid (19). The acid 
chloride was made in the usual manner. It was found necessary to use 
a dry ice, cold finger type condenser when working with ethyl bromide. 
Palmitic Acid-13-C'\—Butyl bromide-1-C“ and w-carbomethoxyhende- 
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canoyl chloride were employed in procedures analogous to those used above 
in the synthesis of palmitic acid-15-C". 

Other Fatty Acids—The syntheses of palmitic acid-1-C™ and -11-C"™ have 
been described (16, 20). 

Isotopic Triglycerides—The esterification of the isotopic fatty acids with 
glycerol was carried out as described elsewhere (20). 

Acetoacetic Acid-2 ,4-C'*—The procedure of Sakami et al. (21) was em- 
ployed for the synthesis of ethyl acetoacetate-2 ,4-C'. The ester was hy- 
drolyzed to the sodium salt of the free acid by the method of Ljunggren 


(22). 
Methods 


The method of preparation and incubation of liver slices containing an 
isotopic triglyceride was similar to that employed in the previous study (15). 
Fasted (18 to 24 hours) female rats of the Long-Evans strain, weighing 
about 200 gm., were injected intravenously with 1.0 ml. of an emulsion 
containing the isotopic triglyceride. 5 minutes after the injection, the 
animals were sacrificed and liver slices were prepared free-hand. The 
slices were incubated in a phosphate buffer (pH 7.3 to 7.4) for 3.0 hours at 
37.5° + 0.2° in an oxygen atmosphere. Solutions of respiratory COs, 
collected from the alkaline center wells of the incubation flasks, were ana- 
lyzed for C'! after the addition of Na2CO; and precipitation as BaCQ3. 
Appropriate amounts of non-isotopic AAA were added to the buffer solu- 
tions as carrier in each experiment. In experiments with tripalmitin-3- 
-13-C™, and -15-C", deproteinated buffer solutions containing metabolic 
and carrier AAA were treated, as described previously, for determination 
of the distribution of isotope in the various carbons of AAA (15). In 
this procedure, carrier AAA is added to the buffer solutions about 30 min- 
utes after the reactions in the flasks have been stopped with mineral acid. 
We have found that decarboxylation of metabolic AAA before the ad- 
dition of carrier AAA can often lead to anomalously high values for the 
C*0:C*OOH ratio. The ratios observed with tripalmitin-3-C™, -13-C%, 
and -15-C thus represent upper limits, and are estimated to be 10 to 15 
per cent too high. 

In experiments with tripalmitin-1-C“ and -11-C"™, several refinements 
(indicated by italic type) over previous methods used in the determination 
of the C*O:C*OOH ratio were instituted: (1) AAA carrier was always 
added before stopping the reaction in the flask. (2) The mercury-acetone 


precipitates (23, 24) formed from aliquots of the buffer solutions containing 
AAA were collected on tared sinters, weighed, and regenerated from 3 Nn 
HCl by steam distillation, and the resulting acetone was converted once 
again to the mercury-acetone complex, which was then filtered while hot (25) 
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and washed with several hundred ml. of distilled water (sufficient to remove ) 
traces of SO,-). (3) During the decarboxylation of AAA, the CO, repre. | 
senting the carboxyl carbon was collected quantitatively and made to 4 | 


TABLE I 


Oxidation of Tripalmitin-13-C'4 and -15-C'4 to COz and Acetoacetate by Fasted Rat 
Liver Slices 

Liver slices prepared from fasted rats injected with tripalmitin-C™ emulsions 
were incubated in phosphate buffer at pH 7.4 for 3 hours at 37.5°. The emulsion 
contained (by weight) olive oil 2 per cent, tripalmitin 2 per cent, glyceryl mono- 
stearate 1 per cent, water 95 per cent. 1 ml. emulsion containing approximately 2 
mg. of tripalmitin-C'* was administered to each animal. Oxygen in gas phase; 
alkali in center well. Carrier acetoacetic acid was added after stopping of the 
reactions with mineral acid. 


Per cent C% initi 
Injected "present in slices 
Experi- | No. | Amount 
Labeled compound* ment of __ |liver slices 
No. animals usedt } 
cu on | | 
acid 
Tripalmitin-13-C'* 1 1 5.0 7.6 2.2 4.2 7.1 
od 2§ 3 17.9 14 1.2 6.4 6.9 
ws 3§ 1 3.6 2.7 0.22 6.9 9.6 
- 4§ 2 8.5 7.6 0.63 6.6 9.0 
Tripalmitin-15-C"4 5 3 12.3 18 2.3 2.5 5.7 
- 6 3 12.8 19 2.4 2.6 8.4 
4 7 3 13.8 17 2.1 2.4 6.7 


* Specific activities of synthetic triglycerides: tripalmitin-13-C', 2.90 x 10° 
¢.p.m. per mg. of tripalmitin (gas flow counter); tripalmitin-15-C", 1.25 & 10° c.p.m. 
_ per mg. of tripalmitin (end window counter). 

t Two incubation flasks containing 25 ml. of buffer each were used for the liver 


slices for each animal. | 
t Calculated from counts per minute initially present in slices at the start, and 


the specific activity of the isotopic tripalmitin. 
§ Specific activity reduced to two-sevenths of the original by the addition of 


non-isotopic tripalmitin. 


known volume. (4) The C*O:C*OOH ratio was determined in two ways; 
(a) 3(specific activity of acetone carbon)/(specific activity of the carboxy! : 
carbon), and (b) (C4 in counts per minute in acetone carbon)/(C™ in counts 
per minute in the carboxyl carbon). (5) In addition, as indicated in Table | 
IV, some of the flasks in which tripalmitin-11-C™ was used as substrate re- : 
ceived no acid, the reactions being stopped by CuSO,, as suggested by Plaut 
and Lardy (26). The specific activity of the methyl and methylene car- 
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bons was not determined in experiments with tripalmitin-1-C" and -11-C" 
because it has been shown elsewhere (15, 27), as well as in Table III, that 
only small amounts of isotope appear in these carbons when fatty acids of 
the even series labeled in an odd carbon give rise to acetoacetate. 

The C*H;:C*H:,! ratio in the tripalmitin-2-C™“ experiments was deter- 
mined by a modification of the procedure of Weinhouse and Millington 
(28), NaIO, (29) having been substituted for KMnO,. The method was 


TABLE II 


Incorporation of 13th and 15th Carbons of Palmitic Acid into Acetoacetate Carbons by 
Fasted Rat Liver Slices 


The conditions are as in Table I. 


Relative specific activity of 
acetoacetate carbonsf 
Labeled compound 
CH 
| —CO— | —CooH 
Tripalmitin-13-C™........... 1 7.0 101 100 
NES, 3 13 97.3 100 
4 8.6 109 | 100 
Average, C*O:C*OOH = R (with average deviation).............. 1.03 + 0.04 
Tripalmitin-15-C'™........... 5 5.2 639 100 
6 6.6 638 100 
7 6.4 526 100 
Average, C*O:C*OOH = R; (with average deviation)............ 6.01 + 0.50 


* The experiments correspond to those of Table I. 

t Specific activity of the carboxyl carbon represented as 100. 

t Equal to twice the relative specific activity of iodoform carbon of acetone 
derived from acetoacetate. 


verified with synthetic acetoacetate-2,4-C%. In experiments with tri- 
palmitin-6-C™, acetone resulting from thermal decarboxylation of AAA and 
iodoform prepared from the acetone were analyzed. The specific activity 
of the carbonyl (—CO—) carbon of AAA is computed from 3(specific ac- 
tivity of acetone carbon) — 2(specific activity of iodoform carbon). Rela- 
tive specific activity values for (CH;-— plus —CH,—) or for the individual 
carbons of AAA are proportional to the C* in counts per minute incor- 
porated into these carbons in any given experiment. 

C" determinations were carried out on either a thin end window Geiger- 
Miller counter or on a gas flow counter (helium saturated with absolute 
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ethyl alcohol at 0°), and were corrected to a standard mass of 40.0 mg. of 
BaCOQs. 


Results 


Tripalmitin-13-C™ and -15-C“—The results of four experiments with tri- 
palmitin-13-C™ and of three experiments with tripalmitin-15-C"™ are re. 
corded in Tables I and II. In the case of tripalmitin-13-C™, the C¥ jn 
counts per minute initially present in the incubated slices was recovered as 
respiratory CO, and AAA to the extent of 4.2 to 6.9 and 6.9 to 9.6 per 


TaBLeE III 


Oxidation of Tripalmitin-2-C'™, -3-C'4, and -6-C'™ to COz and Acetoacetate by Fasted 
Rat Liver Slices 


The conditions are asin Table I. The sign + indicates the average deviation. 


C4, c.p.m. in CO: 
Labeled compound Recovered acetoacetate, relative specific activity of carbons C14, ¢.p.m. in 
acetoacetate 
Tripalmitin-2-C'** § CH;— —CO— —CH:— —COOH 
87.5 6.4 100 4.3 0.41 + 0.05 
Average, C*H;:C*H.2 = 0.88 + 0.06 
Tripalmitin-3-C“'t § (CH;— + —CH.—) —CO— —COOH 
3.4 104 100 
Average, C*O:C*OOH = 1.04 + 0.03 1.08 + 0.05 
Tripalmitin-6-C“ | (CH,—+CH:—) —CO— | 
100 4.524 2.2} | 0.36 + 0.02§ 


Specific activity of methylene carbon (—CH.—), carboxyl carbon (—COOH), or 
methyl + methylene carbons (CH;— + —CH.—) taken as 100. 

* Average values obtained in studies with three animals. 

t Average of two separate experiments employing four animals. 

t Average of five experiments (two or three animals per experiment). 

§ Average of two experiments employing five animals. 


cent, respectively. The corresponding percentages for tripalmitin-15-C"™ 
were 2.4 to 2.6 and 5.7 to 8.4. The incorporation of isotope into CO, and 
AAA in the case of tripalmitin-13-C™ was essentially the same as that found 
earlier with tripalmitin-1-C™, -5-C', and -11-C™ (15). The percentage of 
C" recovered in AAA in experiments with tripalmitin-15-C"4 was also about 
the same as that observed with the other labeled tripalmitins, but the C™ 
incorporated into CO, was only about one-half the amount found with these 
substrates. The values for the percentage of isotope incorporated into 
total AAA from the two triglycerides were not sufficiently reproducible to 
indicate a difference in the extent of incorporation into the ketone body. 
Tripalmitin-13-C" yielded values for the C*O:C*OOH ratio of about unity, 
whereas tripalmitin-15-C™ gave values of 6.39, 6.38, and 5.26 (Table II). 
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Tripalmitin-2-C, -3-C™%, and -6-C4—When the isotope resided in an 
even carbon of palmitic acid, isotope was found largely in the methyl and 
methylene carbons of AAA (Table IIT). The C*H3:C*H: ratio for AAA 
from tripalmitin-2-C"™ was 0.88, and the C*O:C*OOH ratio in the case of 
tripalmitin-3-C' was 1.04. The latter value probably does not differ sig- 
nificantly from that obtained with tripalmitin-2-C™. The ratio, in 
counts per minute in CO,)/(C" in counts per minute in AAA), was about 
0.4 when the isotope resided in the 2nd or 6th carbon of palmitic acid, as 
compared with a value of about 1.1 when the isotope was in the 3rd carbon. 


TABLE IV 
(*0:C*OOH Ratios of Acetoacetate Produced by Liver Slices from Rats Injected with 
Emulsions Containing Tripalmitin-1-C' or Tripalmitin-11-C' 
The conditions are as in Table I, except that carrier acetoacetic acid was added 
prior to stopping of the reactions. Also see the text. 


C*O:C*OOH = R 


Substrate 


C4, c.p.m. in acetone 
c.p.m. in —COOH 


3 X s.a.* of acetone carbon 


S.a. of —COOH carbon 


0.94 + 0:05t 


3 + 0.05T 
1 


0.9 
0.90 + 0.06f 0.9 


* Specific activity (C'4 in counts per minute per mg. of BaCQs). 

t Average value and average deviation for six flasks containing slices from livers 
of three animals (two flasks per animal). Reactions stopped with 0.3 m.eq. of 
H.SO, per ml. of buffer. Acetone and carboxyl (—COOH) carbon of acetoacetate 
were analyzed in duplicate for each flask. 

t Average value and average deviation for nine flasks containing slices from livers 
of three animals (three flasks per animal). The reactions stopped with either CuSO, 
or H:SO,. Most analyses were made in duplicate. 


Tripalmitin-1-C'* and -11-C'*—The refinements in the degradation pro- 
cedure resulted in yields of C*O:C*OOH ratios for these substrates which 
averaged about 0.92 by the two methods (total C' counts per minute or 
specific activity basis) of expressing this ratio (Table IV). 


DISCUSSION 


The C*O:C*OOH ratio of about 6 for the (C—C*),¢, 15 carbon pair! of 
palmitic acid is compatible with the view offered by Crandall et al. (2, 3) 
that the terminal 2 carbons of fatty acids of the even series give rise to a 
species of 2-carbon fragment that differs from those derived from the rest 
of the fatty acid chain. However, recent studies by Beinert and Stansly 
(13) and by Lynen (30) indicate that the difference in the reactivity of the 
terminal and non-terminal carbon pairs is probably a consequence of enzy- 
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- ments with tripalmitin-13-C™ and -15-C"™ were performed under conditions 
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matic events involving the acetoacetate-condensing enzyme. The posg:- 
bility that 6 oxidation of palmitic acid produces acetoacetyl SCoA from the 
terminal 4 carbons, which is then simply deacylated to form AAA, is pre. 
cluded by the findings with tripalmitin-13-C™% and -15-C™ (Table II), 
AAA is known to be formed reversibly by the condensation of 2 molecules 
of acetyl SCoA (31-34), but the possibility that AAA is formed intact from 
the 4 carbons of palmitic acid as well as by random condensation of ace. 
tyl SCoA derived from these carbons may be ruled out. If such were the 
case, one would expect that the C*O:C*OOH ratios obtained with tn- 
palmitin-13-C™ and -15-C"™ would be reciprocals. As this was not observed 
(Table II), a more complex pattern of AAA formation is indicated. A 
rapid equilibration of acetyl SCoA with the —CH2COSCoA moiety of ace- 
toacetyl SCoA (representing the terminal 4-carbon residue of palmitic 
acid), as suggested by Beinert and Stansly (13), can account for the in- 
corporation of the various isotopic carbon pairs into the —CH.COOH 
moiety of AAA. The formation of an enzyme-bound acetyl group from 
acetyl SCoA, which may undergo condensation in an oriented fashion with 
another molecule of acetyl SCoA (ef. (13, 30)), can readily account for the 
incorporation of isotope into the CH;CO moiety of AAA from isotopic 
non-terminal carbon pairs. 

Because of the similarity of the incorporation of the various isotopic non- 
terminal carbon pairs into the two halves of AAA, one may conclude, as 
did Crandall et al., that 2-carbon fragments, 7.e. acetyl] SCoA, randomize 
completely before condensing to form AAA or before undergoing an ex- 
change reaction with acetoacetyl SCoA, as outlined above. 

If complete randomization of acetyl SCoA molecules from palmitic acid 
occurs, the percentage of isotope incorporated into CO. via the tricar- 
boxylic acid cycle should be proportional to the number of acetyl SCoA 
molecules formed from any given isotopic carbon pair. Since the expen- 


as identical as possible, a ratio of the percentage incorporation of isotope 
into CO. should give a relative value for the production of acetyl SCoA 
from the (C—C*),5.15 and (C—C*)4,13 carbon pairs. <A value of 6.0 
+ 0.9 per cent C“O, was found with tripalmitin-13-C"™, and a value of 2.5 
+ 0.1 per cent with tripalmitin-15-C“ (Table I). Thus, for each mole of 
acetyl SCoA arising from the (C—C*),4, 13 carbon pair, only about 2.5/6.0 
= (0.42 mole arises from the (C—C*)i6, 15 carbon pair. This is almost 
identical with the value (0.43) for the conversion of the terminal to the non- 
terminal type fragment calculated elsewhere (14) for the case of butyrate 
oxidation in liver slices studied by Zabin and Bloch (4). The fractional 
degree of conversion has also been calculated (14) to lie between 0.4 and 0.5, 
for the case of octanoate and hexanoate, in the washed rat liver homogen- 
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ates studied by Crandall et al. (2, 3). This conversion may be interpreted 
as representing the contribution of the terminal carbon pair to the general 
pool of acetyl SCoA. 

As a significant pathway for the catabolism of palmitic acid, w oxidation 
(35, 36) is ruled out. If w oxidation had proceeded, the 15th carbon of 
palmitic acid would have become the methyl carbon of acetyl SCoA, 
thereby allowing considerable amounts of isotope from tripalmitin-15-C™ 
to appear in the methyl and methylene carbons of AAA. This was not 
observed (Table IT). 

As judged by their incorporation into both AAA and COs, the terminal 
earbon pair must represent carbons which are metabolically distinct from 
those of the rest of the chain. Previous experiments with octanoate (2, 3) 
and butyrate (4) have shown this to be true only in the case of AAA for- 
mation. 

We have shown above and previously (15) that palmitic acid labeled in 
an odd-numbered carbon gives rise to AAA in which the isotope resides al- 
most completely in the carbonyl and carboxyl carbons. This is also true 
for octanoate, as was first demonstrated by Weinhouse eé al. (27). These 
observations suggest that extensive randomization of the 2 carbons of acetyl 
SCoA in fasted rat liver slices, via cyclic processes, does not occur. Ac- 
cordingly, fatty acids of the even series labeled in an even carbon should 
fom AAA in which the isotope appears predominantly in the methyl and 
methylene carbons of AAA. Geyer et al. (9) demonstrated that the isotope 
from octanoate-2-C“ appeared predominantly in the acetone moiety of 
AAA. In experiments reported here for tripalmitin-2-C™ and -6-C", it 
is shown that the isotope in the acetone fraction resides almost entirely in 
the methyl and methylene carbons of AAA. 

It is known that acetyl SCoA condenses with oxalacetate to form citrate 
(37). The fact that the orientation of the carbons of a 2-carbon fragment 
is not lost has a direct bearing upon the relative rates of conversion of the 
2 carbons of acetyl SCoA to CO, via the tricarboxylic acid cycle. As has 
been indicated by the theoretical calculations of Strisower eé¢ al. (38), the 
conversion of acetate carbons to CO, by liver slices should lead to res- 
piratory CO, in which the carboxyl carbon of acetate predominates. The 
respiratory CO, data from the various palmitic acids, shown in Table III, 
clearly indicated that, for a given amount of fatty acid utilization, an odd 
carbon of palmitic acid produced more C“O, than did an even carbon. 
This is particularly well shown by the ratio, (C“ in counts per minute in 
CO.)/(C™ in counts per minute in AAA), of Table III. This ratio offers a 


better criterion, in these experiments, for comparing the oxidative fate of 
the various carbons than does the comparison of CO, data alone. Its use 
circumvents unpredictable variations in the extent of oxidation inherent in 
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studies of this kind. This ratio varied from 0.34 to 0.49 when the isotope 
was in the 2nd or 6th carbon of palmitic acid, and from 1.0 to 1.1 when the 
isotope resided in the 3rd carbon. The greater conversion of the carboxy] 
carbon of a 2-carbon fragment to CO, has been observed by several workers 
(9, 38-40), but not in the intact, fasted rat (20). 

As judged by their incorporation into both AAA and COz, the odd-nun- 
bered carbons of palmitic acid are metabolically distinct from the even car- 
bons. A similar conclusion was drawn by Geyer et al. (9) in experiments 
with octanoate in rat liver slices. Inasmuch as the terminal carbon pair 
is apparently only partially converted to acetyl SCoA, there must exist 
four metabolically distinct carbon atoms in palmitic acid, or, more gener- 
ally, in fatty acids of the even series. 

The experiments with tripalmitin-1-C™ and -11-C™, in which C*0:C*- 
OOH ratios of about 0.92 were obtained only with special precautions, point 
to the difficulty involved in the use of palmitic acid to establish asymmetri- 
cal labeling of AAA. This value is so close to unity that, had not tripal- 
mitin-15-C™ been employed in these studies, no conclusion could have been 
drawn regarding this point. Previous studies had indicated that the 
C*O:C*OOH ratio would increase toward unity with increasing chain 
length (2, 3, 10, 41). 

Our failure to confirm here previous values (15) for the C*O:C*00H 
ratio in excess of unity in the case of non-terminal carbon pairs indicates 
that there is no fundamental difference between the mechanism of palmitic 
acid oxidation and that of short chain fatty acids. The analysis of AAA 
formation based upon the two types of 2-carbon fragments presented else- 
where (14), and developed primarily for short chain fatty acids, may now be 
extended to include long chain fatty acids, with the reservation that it 
probably constitutes merely a convenient device to represent a complex 
_ enzymatic process. 


We are indebted to Miss Mildred Gee for technical assistance in the 
preparation of some of the acids used in this study. 


SUMMARY 


1. Emulsions containing triglycerides of various C'-labeled palmitic 
acids were injected into fasted rats. Liver slices were prepared and incu- 
bated in phosphate buffer. The conversion of isotope to respired CO, and 
acetoacetic acid and the distribution of the isotope in various carbons of 
the latter were determined. 

2. When the isotope resided in the 15th (penultimate) carbon of palmitic 
acid, less than half as much isotope was recovered in respired CO, as when 
the isotope was in the 13th carbon. This finding suggested that the ter- 
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minal 2 carbons of palmitic acid are incompletely converted to acetyl 
SCoA. 

3. The C*O:C*OOH ratio of acetoacetic acid derived from palmitic 
acid-15-C'4 was found to have a value of about 6.0, while a value equal to, 
or less than, unity was observed with palmitic acid-1-C"%, -11-C¥%, 
and -13-C%. The conclusion has been drawn that all 2-carbon fragments 
except that immediately derived from the terminal 2 carbons are identical 
and exhibit a reactivity which is characteristic of acetyl SCoA. 

4, Previous values for the C*O:C*OOH ratio for palmitic acid-11-C%, 
which were found to be greater than unity, have not been confirmed. A 
reinvestigation of the C*O:C*OOH ratios from palmitic acid-1-C and 
-11-C" indicates that the value of this ratio under the conditions of these 
experiments is about 0.92. The ratio was established in two ways; (1) 
3 times specific activity of acetone carbon of acetoacetic acid divided by 
specific activity of carboxyl carbon; and (2) C“ in counts per minute in 
acetone divided by C"* in counts per minute in carboxyl carbon. 

5. The isotope from palmitic acid-2-C™ or -6-C™ is incorporated exten- 
sively only into the methyl (CH;—) and methylene (—CH;—) carbons 
of acetoacetic acid. The C*H;:C*Hp2 ratio of acetoacetic acid derived 
from palmitic acid-2-C™% is the same, within experimental error, as the 
C*0:C*OOH ratios of palmitic acid-1-C™, -3-C, -11-C™, and -13-C%. 

6. As judged by the incorporation of isotope from the variously labeled 
tripalmitins into AAA and COs, there exist 4 metabolically distinct carbon 
atoms in palmitic acid: the methyl and carboxyl carbons of the terminal 
carbon pair distal to the fatty acid carboxyl group and the corresponding 
carbons of non-terminal carbon pairs. 
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EFFECTS OF ACETYLCHOLINE ON PHOSPHOLIPIDES IN THE 
PANCREAS 


By MABEL HOKIN* LOWELL E. HOKINT 
(From the Research Institute, the Montreal General Hospital, Montreal, Canada) 


(Received for publication, November 30, 1953) 


We previously reported that acetylcholine or carbamylcholine stimu- 
lates enzyme secretion (1) and the incorporation of P* into the phospholip- 
ides of pancreas slices (2). The present report deals with further studies 
on the effect of acetylcholine and related substances on phospholipide 
metabolism in pancreas both in vitro and in vivo. It has been found that 
the increased incorporation of P*? in phospholipides in the presence of 
acetylcholine is due to an independent turnover of phosphate (and pre- 
sumably the base attached to it) in preformed phospholipide rather than 
to an increased synthesis of phospholipide de novo. ‘This increased turn- 
over of phosphate appears to be due to a direct action of acetylcholine on 
phospholipides or lipoproteins; it does not appear to be closely related to 
the process of enzyme secretion, as was previously suggested (2). 


EXPERIMENTAL 


Preparation of Tissue Slices—Pancreas slices from fed pigeons were pre- 
pared and incubated and the tissues treated after incubation as described 
previously (2). The slices were preincubated for 30 minutes to remove 
amylase from damaged surface cells so that more accurate estimation of 
amylase secretion could be made. Units of amylase are those defined by 
Smith and Roe (3). 

Mouse Experiments in Vivo—Female albino mice weighing about 25 gm. 
were injected with approximately 70 ue. of NaH»P*”O, intraperitoneally. 
Pilocarpine and carbamylcholine were injected intraperitoneally. After a 
given interval of time the mice were killed by decapitation, and the pan- 
creas was quickly removed and chilled in iced saline. The specific activi- 
ties of the phospholipides and the acid-soluble phosphate ester fraction 
were determined as described previously (2), and the amylase content of — 
the tissue was assayed. 

Extraction and Fractionation of Phospholipides—The ethanol-ether ex- 
tracts from the tissues were treated with inorganic phosphate and serial 
extractions with ether in an atmosphere of nitrogen as described earlier 


* Fellow of the National Cancer Institute of Canada. 
t Special Research Fellow of the National Cancer Institute, United States Public 
Health Service. 


549 


ol. Chem, 

| Gee, 

g. Chem.. 

man, 
1947). 


350 ACETYLCHOLINE AND PHOSPHOLIPIDES 


(2). Aliquots of the final ether extracts were taken for determination of 
the total ether-soluble phospholipides and the determination of specifie ae. 
tivity. The remainder of each sample was evaporated to dryness in a con- 
ical centrifuge tube and separated into choline-containing and non-choline. 
containing fractions by adsorption of the acidic lipides on MgO by the 
method of Taurog, Entenman, Fries, and Chaikoff (4). 

Determination of Specific Actwity of Glycerophosphate from Phospholip. 
ides—The ethanol-ether extracts (1) were evaporated to dryness at 70° in 
a stream of air. 1 ml. of 5 N KOH was added, and the phospholipides were 
hydrolyzed for 1 hour at 75°. Alkali hydrolyzes lecithins and cephalins to 
fatty acids, bases, and glycerophosphate (5). After hydrolysis the samples 
were cooled to 0°, and 6 N perchloric acid was added to precipitate KC\0, 
and fatty acids. The pH was adjusted to about 1. After centrifugation 
the supernatant fluid was heated at 100° for 10 minutes. The pH was ad- 
justed to about 3.5 with KOH, and the mixture was chilled to 0°. After 
further centrifugation the supernatant fluid was pipetted onto strips of 
Whatman No. 3 MM filter paper (10 X 57 cm.) (6). About 50 ¥ of glyc- 
erophosphate P were run on each strip. The strips were wetted with buffer 
and placed in an ionophoresis apparatus previously described (6). 0.02 
potassium lactate buffer, pH 3.6, was used. A potential difference of 1400 
volts was applied for 2 to 24 hours. The strips were removed from the 
apparatus and dried in a stream of warm air. Phosphorus compounds 
were detected on paper by the method of Wade and Morgan (7). One 
major phosphate band which had run about 30 cm. from the base-line had 
the same mobility as a- and 8-glycerophosphates. The glycerophosphate 
was preceded by two narrower phosphate-containing bands, the furthest 
from the base-line having the same mobility as orthophosphate. 

To test for radiopurity, several samples of the phospholipide hydrolysate 
were run, and the ionophoresis paper was cut into narrow strips (2 mm. 


- wide) in the neighborhood of the glycerophosphate band. The total radio- 


activity of each strip was plotted against the distance from the base-line. 
In experiments with glycerol-1-C™ the glycerophosphate band corresponded 
to a sharp peak of radioactivity which was preceded by a much smaller 
peak. In experiments with P®, peaks of radioactivity corresponded to 
the glycerophosphate and to the phosphorus-containing bands immedi- 
ately preceding it. 

To determine the specific activity of the glycerophosphate, the band 
containing it was cut out and eluted with 1 m NH,OH, as described previ- 
ously for ribonucleotides (6). Aliquots were taken for counts and total 
phosphorus. 

Expression of Specific Activity—In experiments in vitro all P® counts have 
been corrected to relate them to a specific activity of 100,000 c.p.m. per ¥ of 
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P for the inorganic P of the medium. The C™ counts of the glycerophos- 
phate isolated from the phospholipides are expressed as counts per minute 
per microgram of glycerophosphate P. In mouse experiments the speci- 
fie activities of the phospholipides are expressed as a percentage of the 
specific activity of the acid-soluble phosphate ester fraction. 


Results 


Incorporation of P® into Choline-Containing and Non-Choline-Containing 
Phospholipide Fractions—In unstimulated slices the specific activity of the 
non-choline-containing phospholipide fraction was about twice that of the 
choline-containing fraction. When acetylcholine or carbamylcholine was 


TaBLeE 


Incorporation of P** into Choline- and Non-Choline-Containing Phospholipides in 
Slices of Pigeon Pancreas 


Specific activity of phospholipides, 
c.p.m. per y P 
Addition 
Total comin | 

Carbamylcholine (5 X 10-5 M)............... 1108 660 4470 
Acetylcholine (5 X 10-5 Mm) + eserine (3 X 

Carbamylcholine (5 X 10-5 m) + atropine (3 


Medium, bicarbonate saline; duration of incubation, 2 hours. 


added, the incorporation of P*? into the non-choline-containing phospho- 
lipides was stimulated 1000 to 2500 per cent; the incorporation of P*® into 
the choline-containing phospholipides was stimulated 400 to 600 per cent. 
These effects were abolished by atropine. A representative experiment 
is shown in Table I. The stimulation in the choline-containing fraction 
was not due to contamination with non-choline phospholipides, since it 
remained constant after successive treatments of the choline-containing 
phospholipides with MgO. 

The phospholipide P content was the same in slices incubated with and 
without carbamylcholine. The ratio of the choline-containing to the non- 


choline phospholipides was about 3:1 and was not affected by carbamyl- 
choline. 

Effect of Acetylcholine on Incorporation of Glycerol-1-C™ and P*® into 
Glycerophosphatides—Studies reported in a preliminary communication (8) 
indicated that the incorporation of glycerol-1-C" into the total phospho- 
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lipide fraction was not appreciably stimulated by cholinergic substances; 
this result suggests that the synthesis of phospholipides de novo was not 
stimulated. But in order to achieve unequivocal results it was nec 

to isolate from the phospholipide fraction a chemically defined substance 
containing both glycerol and phosphate. This was achieved by alkaline 
hydrolysis of the total phospholipides and isolation of glycerophosphate 
by ionophoresis on paper, as described above. 

Acetylcholine stimulated the incorporation of P® into the glycerophos- 
phatides about 850 per cent (Table II). Glycerol-1-C™ was incorporated 
into the glycerophosphatides, but this incorporation was increased no more 
than 20 per cent in the presence of acetylcholine. This indicates that the 


TABLE II 


Effect of Acetylcholine on Incorporation of Glycerol-1-C' and P** into Glycerophosphate 
of Total Phospholipides in Slices of Pigeon Pancreas 


Specific activity of glycerophosphate from 
: phospholipides, c.p.m. per y glycerophosphate P 
Addition 
cu p2? 
Acetylcholine (3 K 10-% m) + eserine (3 X 


Incubation with either glycerol-1-C'* or P*? carried out in separate vessels; gly- 
cerol-1-C!4, 1 we. per uM, 2 um per ml.; approximately 175 mg. of pigeon pancreas per 
vessel; slices incubated in 3 ml. of Mixture III without added organic constituents 
(1); temperature, 40°; duration of incubation, 2 hours; alkali in center well. 


stimulated incorporation of P*® into phospholipides is due to an increased 
turnover of the phosphate-base moiety in preformed phospholipides rather 
than to an increased synthesis of phospholipides de novo. 

The data presented above suggest that the incorporation of glycerophos- 
phate into phospholipides observed by Kornberg and Pricer (9, 10) and 
Kennedy (11) may represent the normal pathway of phospholipide synthe- 
sis, whereas the incorporation of phosphorylcholine (10) may represent an 
independent turnover of this moiety in preformed phospholipide. Artom 
(12) has provided evidence that choline may, under certain circumstances, 
turn over in phospholipides independently of phosphate. 

Effects of Various Substrates on Incorporation of P® into Phospholipides 
of Pancreas Slices—If acetylcholine stimulates phosphate turnover rather 
than total phospholipide synthesis, substances known to be present in 
phospholipides should not appreciably increase the stimulated incorpora- 
tion of P?. But these substances might increase the unstimulated incor- 
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poration of P**, since this probably represents, at least to some extent, total 
phospholipide synthesis. A mixture of phospholipide constituents did in- 
crease the unstimulated rate of P®? incorporation from 50 to 100 per cent, 
but had no measurable effect on the stimulated rate of P* incorporation 
(Table III). Kennedy (11) has shown that unlabeled glycerol approxi- 
mately doubles the incorporation of P®? into phospholipides in rat liver 
mitochondria. Artom and Cornatzer (13) and Platt and Porter (14) have 
shown that ethanolamine injection increases the incorporation of P*®? into 


TABLE III 


Effect of Various Substrates on Incorporation of P? into Phospholipides in Slices of 
Pigeon Pancreas 


Specific activity of phospholipides, 
c.p.m. per y P 
Experiment No. Addition 
Without With 
carbamylcholine 
1 None 46 690 
Inositol 
Glycerol 
Ethanolamine 102 700 
DL-Serine 
2 None 85 1290 
Inositol 
Glycerol 
Ethanolamine 121 1170 
DL-Serine 


Substrates added to give 2 um per ml. of medium, except for pL-serine which was 
4 ym per ml. of medium. Medium, bicarbonate saline; duration of incubation, 2 
hours. 


choline-containing and non-choline-containing phospholipides. Choline 
was not included in the mixture used here, because in high concentrations 
it simulates the actions of acetylcholine to some extent (see below). 
Disproportionate Effects of Cholinergic Substances on Amylase Secretion 
and on Incorporation of P® into Phospholipides in Pancreas Slices—The 
effects of increasing concentrations of acetylcholine on enzyme secretion and 
on the incorporation of P*? into phospholipides do not parallel each other 
(Table IV). Maximal enzyme secretion was obtained when the concentra- 
tion of acetylcholine was 10-* m; the maximal effect on phospholipides 
was not reached until the acetylcholine concentration was 10-' m. Simi- 
lar results were obtained with carbamylcholine which stimulated enzyme 
secretion half maximally before the concentration was high enough to 
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give any significant effect on the incorporation of P*® into the phospho- T 
lipides. Table IV also shows that 3 X 10~‘ M eserine alone stimulated seco 
enzyme secretion about 40 per cent as much as 10-° m acetylcholine seen 
(with eserine), but stimulated the incorporation of P*? into phospholipides A 
only 5 per cent as much as the acetylcholine. The fact that eserine can Pan 
pan 
TaBLeE IV crea 
Effect of Increasing Concentration of Acetylcholine on Amylase Secretion and Nal 
Incorporation of P** into Phospholipides in Slices of Pigeon Pancreas 

Other additions Amylase secretion* of 
M c.p.m. pery P 
0 None 0 60 Nc 
0 Eserine (3 X 1074 m) 6.1 98 ro 
1077 Same 13.5 120 aa 

10-6 17.0 524 

10-5 sie 16.2 830 

10~4 = 16.9 770 


Medium, bicarbonate saline; duration of incubation, 2 hours. 
* Expressed as the difference between the amylase in the medium of slices with 
added eserine and acetylcholine and the amylase in the medium of the control slice. 


T 
TABLE V estir 
Effect of Choline on Amylase Secretion and Incorporation of P** into Phospholipides carr’ 
in Slices of Pigeon Pancreas of s 
ficed 
Addition Amylase secretion* 
en 
units per mg. dry weight c.p.m. pery P mice 
(2 X 10-3 mM) + eserine (3 10-4 M).. 35.2 120 

Carbamylcholine (5 K 10-5 M).............. 35.2 360 the 
Medium, bicarbonate saline; duration of incubation, 2 hours. for 
* Expressed as in Table IV. cary 
por: 
stimulate enzyme secretion in slices of pigeon pancreas suggests that effe 
small amounts of acetylcholine are present in the tissue. cho 


Choline (2 X 10-3 mM) stimulated enzyme secretion about half maximally mu 
and increased the incorporation of P®? into phospholipides about 150 per pilo 
cent (Table V). Choline with eserine (3 & 10-4 M) was as effective as the 
5 X 10-° m carbamylcholine in stimulating amylase secretion, but was only zyn 
about 25 per cent as effective as carbamylcholine in stimulating the incor- cres 
poration of P®? into phospholipides. 24 | 
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The above results show that the phospholipide effect, rather than being 
secondary to the secretion of enzymes, as was suggested previously (2), 
seems to be a direct response to cholinergic substances. 

Amylase Secretion and Incorporation of P® into Phospholipides in Mouse 
Pancreas in Vivo—Since feeding is the normal physiological stimulus to 
pancreatic secretion, the specific activities of the phospholipides of pan- 
creas from fed and fasted mice were compared 1 hour after injection of 
NaH.P”O,4. The specific activities of the phospholipides were the same in 


TABLE VI 


Effect of Feeding, Pilocarpine, and Carbamylcholine on Amylase Secretion and 
Incorporation of P? into Phospholipides in Mouse Pancreas in Vivo 


Relati 
N Drug injected of specie activity of 
unils per mg. 
wet weight 
4 Fed None 29.2 (3.0) 4.9 (0.39) 
3 si Pilocarpine 11.3 (1.0) 8.5 (0.26) 
3 Fasted None 13.1 4.9 
3 8 Pilocarpine 8.6 11.8 
3 Carbamylcholine 9.8 10.0 


The figures in parentheses are the standard errors of the means of individual 
estimations; where no standard error of the mean is given, the estimations were 
carried out on pooled pancreases. The fed mice received food ad libitum up to time 
of sacrifice; the fasted mice were given only water for 24 hours before being sacri- 
ficed. Dose of pilocarpine, 1.0 mg. per animal; dose of carbamylcholine, 0.0075 mg. 
peranimal. Approximately 70 uc. of NaH2P*O, together with the drug or an equiva- 
lent amount of water (total volume 0.2 ml.) were injected intraperitoneally. The 
mice were killed by decapitation 60 minutes after injection. The relative specific 
activities are the specific activities of the phospholipides expressed as per cent of the 
specific activities of the acid-soluble phosphate ester fraction. 


the pancreas of mice which were given food ad libitum and of mice fasted 
for 24 hours (Table VI). On the other hand, the administration of pilo- 
carpine or carbamylcholine to either fed or fasted mice increased the incor- 
poration of P* into the phospholipides of the pancreas over 2-fold. These 
effects are much less than those observed with pilocarpine or carbamy]- 
choline in pigeon or mouse pancreas in vitro, but this is probably due to the 
much lower concentration of the drug attained in vivo. The injection of 
pilocarpine or carbamylcholine to fed or fasted mice appreciably lowered 
the amylase content of the pancreas, indicating a good stimulation of en- 
zyme secretion. It should be noted that the amylase content of the pan- 
creas of the fasted mice was less than half that of the fed animals. The 
24 hour fasting may so deplete the animal of substrates for enzyme synthe- 
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sis that the enzyme content of the pancreas falls, in spite of the fact that 
the fasted mouse secretes less enzyme. 

The incorporation of P® into the phospholipides in the pancreas of the 
fed and fasted mice was also followed with time. After an initial lag period 
the specific activities of the phospholipides (expressed directly as counts 
per minute per microgram of P) increased at a constant rate up to about 60 
minutes and then began falling off. The rates of incorporation of P* into 
phospholipides of fed and fasted mice were not significantly different. 
These findings show that a pancreas which is secreting under physiological 
conditions does not have a higher rate of incorporation of P** into phospho- 
lipides than has a non-secreting pancreas. The quantities of acetyl- 
choline liberated in the pancreas by the cholinergic nerves during normal 
secretion are probably too small to have any appreciable effect on phos- 
pholipides. 


DISCUSSION 


Acetylcholine may stimulate the independent turnover of phosphate (and 
presumably the base attached to it) in phospholipides by activating enzyme 
systems responsible for this independent turnover or by rendering the phos- 
pholipides more accessible to these enzyme systems. The latter alterna- 
tive is preferred for the following reasons. In the cell, phospholipides are 
chiefly combined with proteins, and one of the major types of combination 
is very probably a salt-like linkage between the phosphate group of the 
phospholipide and basic groups of the protein (15, 16). It is likely that 
in this combined state an independent turnover of the phosphate-base 
moiety would be prevented. If acetylcholine split certain susceptible lipo- 
proteins into free phospholipides and proteins, or if it prevented their 
combination, the phosphate-base moiety in the phospholipides would be- 
come accessible to enzymes which could catalyze its independent turnover. 
A chemical basis for this interpretation is provided by our recent observa- 
tion that acetylcholine can prevent the formation of an insoluble complex 
between phospholipides and albumin. 

Acetylcholine has properties which might make it particularly capable 
of splitting lipoproteins. It is structurally similar to cationic detergents, 
which are known to split lipoproteins (15), and it is active at aqueous-non- 
aqueous interfaces (17). The high biological specificity of acetylcholine 
would of course depend upon the presence of specific receptor lipoproteins. 
Assuming that the above interpretation is correct, the pancreas would 
appear to be particularly rich in this type of lipoprotein. However, we 


1 Unpublished observations. 
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have found that cholinergic drugs also stimulate the incorporation of P* 
into the phospholipides of slices of guinea pig brain cortex (2, 18), rabbit 
parotid,' and rabbit submaxillary gland.’ 

The mechanism of action of acetylcholine postulated here, 7.e. the dis- 
sociation of lipoproteins, could be its mechanism of action at the molecular 
level in all types of cells responsive to this substance, although in many 


,instances the changes may be too subtle to be detected by the technique 


used here. For instance, small changes in the physical state of the lipo- 
proteins of the cell membrane, by affecting permeability, could lead to 
marked changes in physiological function. 


SUMMARY 


1. Acetylcholine stimulates the incorporation of P* into the choline- 
containing phospholipides of pancreas slices by 400 to 600 per cent and into 
the non-choline-containing phospholipides by 1000 to 2500 per cent. 

2. Acetylcholine stimulates the incorporation of P*® into the glycero- 
phosphatides by 850 per cent. Glycerol-1-C™ is incorporated into the 
glycerophosphatides, but this incorporation is not stimulated by acetyl- 
choline, indicating that acetylcholine stimulates the independent turn- 
over of the phosphate-base moiety in preformed phospholipides. 

3. A mixture of inositol, glycerol, ethanolamine, and pL-serine increases 
the unstimulated rate of incorporation of P*® into phospholipides by 50 to 
100 per cent, but has no appreciable effect on the stimulated rate of P* in- 
corporation. 

4. Enzyme secretion and the incorporation of P* into phospholipides in 
vitro do not parallel each other as the concentration of acetylcholine is in- 
creased or when choline or eserine is added. The incorporation of P*®? in 
vivo into phospholipides is the same in the pancreas of fed and fasted mice. 
Injection of pilocarpine or carbamylcholine stimulates the incorporation 
of P® into the phospholipides of the pancreases of both fed and fasted mice. 
These findings indicate that enzyme secretion and the incorporation of P® 
into phospholipides are not directly related. 

5. It is suggested that acetylcholine acts at the molecular level by splitting 
phospholipide-protein complexes (lipoproteins), rendering the phosphate- 
base moiety of the phospholipides accessible to enzymes which catalyze 
its rapid turnover. 
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RELATIONSHIP OF ASPARTIC ACID TO 
PYRIMIDINE BIOSYNTHESIS* 
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(From the Biochemical Institute and the Department of Chemistry, The University 
of Texas, and the Clayton Foundation for Research, Austin, Texas) 


(Received for publication, January 16, 1954) 


4-Carbon acids of the citric acid cycle, particularly oxalacetic acid, 
partially replace pyrimidines in promoting growth of certain Neurospora 
mutants (1), and ureidosuccinic acid (carbamylaspartic acid) replaces 
orotic acid for Lactobacillus bulgaricus 09 (2). In regenerating rat liver 
slices, more extensive incorporation into pyrimidines of isotopically labeled 
8,y-carbons than of the nitrogen of aspartic acid further indicates the 
involvement of a 4-carbon intermediate in pyrimidine biosynthesis (3). 

In the present investigation, aspartic acid has been found to have an 
essential réle in pyrimidine biosynthesis in certain lactobacilli under con- 
ditions of limited biosynthesis of aspartic acid. The interrelationship is 
based upon the effects of pyrimidines on the aspartic acid requirement for 
growth and on cysteic acid inhibition. 


EXPERIMENTAL 


Materials—u-Cysteic acid was prepared by the procedure of Gortner 
and Hoffman (4). The authors are indebted to Dr. C. G. Skinner for 
preparations of cysteic acid, to Dr. James B. Walker for an enzymatic 
preparation of argininosuccinic acid (5), and to Dr. L. D. Wright for a 
sample of ureidosuccinie acid. Unless otherwise indicated, the materials 
were standard commercial products. 


Methods 


The organism used in this work was Lactobacillus arabinosus 17-5. The 
medium and testing procedures were the same as those previously de- 
scribed (6), except that biotin was added in a concentration of 0.005 y 
per 5 ml. unless otherwise indicated. Certain changes in the medium 
which were made for the different tests are recorded in Tables I to V. 
Solutions to be added aseptically were prepared by dissolving the proper 
amount of the compound in sterile water. The sodium bicarbonate and 
om were routinely added aseptically; other aseptic additions are 
indicated. 


*From a thesis submitted by Louise Woods to the Graduate School, The Uni- 
versity of Texas, in partial fulfilment of the requirements for the degree of Master 
of Arts, August, 1953. 
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Results 


When L. arabinosus 17-5 was grown in a medium lacking pyrimidines, 
its growth was stimulated upon addition of supplements of uracil. How- 
ever, this stimulation was not pronounced and was detectable only during 
a comparatively short period. Much more consistent results for testing 
growth responses to pyrimidines were obtained by omitting both aspartic 
acid and uracil from the medium. Under such conditions uracil, uridine, 


TABLE I 
Replacement of Pyrimidines by Aspartic Acid or Bicarbonate 
Test organism, L. arabinosus 17-5, incubated 28 hours at 30°. 


Galvanometer readingst 
Supplements® 
y per 5 ml. 
0 5 
0.1 16 10 
0.2 20 12 
0.5 | 35 15 16 
1 | 29 18 
2 | 42 36 27 
5 | 48 42 35 
10 | 56 52 | 49 30 
50 | 66 59 | 58 74 | 
200 | | | | 66 
| | | | 73 
| 


* Uracil and aspartic acid omitted from the basal medium. 
t+ A measure of culture turbidity; distilled water reads 0, an opaque object 100. 
t Added aseptically to sterilized medium. 


thymine, aspartic acid, or sodium bicarbonate promotes growth after 
incubation for 28 hours, as indicated in Table I. Uridine was approxi- 
mately as active as uracil (when compared on a molar basis), while thymine 
was considerably less active. Either aspartic acid or sodium bicarbonate 
in higher amounts also produced maximal growth. Orotic acid, argininosuc- 
cinic acid (aseptic addition), B-alanine, and ureidosuccinic acid (aseptic 
addition) were inactive in promoting growth at concentrations up to 100 
y per 5 ml. 

Although L. arabinosus may utilize either aspartic acid or pyrimidines 
for growth on long incubation, pyrimidines only exert a sparing action 
on the aspartic acid requirement for shorter incubation periods. Since 
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threonine and lysine similarly exert sparing effects on the aspartic acid 
requirement (6), the effects of uracil on the requirement of aspartic acid 
or biochemically related substances, t.e. bicarbonate and biotin, both in 
the presence and absence of threonine and lysine were determined. 

The effects of threonine, lysine, and uracil on the aspartic acid require- 


TABLE II 
Effects of Uracil, Threonine, and Lysine on Aspartic Acid Requirement 
Test organism, L. arabinosus 17-5, incubated 22 hours at 30°. 


Galvanometer readings 
Aspartic acid 
None | Uracil Threonine | Lysine | Uracil, | Uracil, |Threonine, 
lysine 
> per 5 ml 
0 7 
5 24 
10 5 3 4 36 
20 2 3 3 9 3 8 70 
35 32 9 34 73 
50 4 6 14 9 56 29 54 75 
75 24 38 36 69 68 63 
100 11 52 51 57 72 72 67 
150 52 64 61 61 
200 57 66 66 64 
350 62 
Biotin-deficient mediumf 
0 2 1 
10 8 
20 2 5 4 5 17 
35 12 8 14 28 
50 3 8 9 6 19 15 20 35 
75 14 15 17 33 32 32 45 
100 10 23 27 27 41 41 39 51 
150 25 34 36 39 52 51 45 
200 32 45 44 40 50 54 51 
350 46 52 50 51 
500 52 


* Aspartic acid, uracil, threonine, and lysine omitted from the basal medium; 
aspartic acid supplemented as indicated; supplements of 200 y of pu-threonine and 
bu-lysine and 50 + of uracil per 5 ml. added as indicated. ° 

t Separate test; biotin omitted from the basal medium; supplement of Tween 80, 
dmg. per 5 ml., added; organism incubated 24 hours at 30°. 
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ment are indicated in Table II. The addition of any one supplement jn 
the biotin-containing medium reduced the amount of aspartic acid neces. 
sary for maximal response by a factor of one-half. Any two of the supple- 
ments still further reduced the aspartic acid requirement, and in the 


TABLE III 


Effects of Threonine, Lysine, and Uracil on Biotin and Bicarbonate Requirements for 
Replacement of Aspartic Acid 


Test organism, L. arabinosus 17-5, incubated 24 hours at 30°. 


Galvanometer readings 
Sodium Supplements* 
bicarbonate 
lysine 
y per 5 ml. 
0 24 
5 42 
10 43 
20 53 
50 3 3 70 
100 10 8 71 
200 2 4 1 33 3 11 
350 11 9 2 66 36 68 
500 3 38 21 3 66 66 70 
750 13 63 57 26 73 70 
1000 33 68 67 57 
2000 60 65 
0.0 0 1 1 0 7 
0.01 4 8 
0.02 9 7 7 1] 
0.05 10 9 15 13 11 24 
0.1 14 11 24 21 19 35 
0.2 27 16 30 38 40 36 52 
0.5 28 46 39 54 65 70 62 74 
1.0 34 61 58 56 75 80 66 80 
2.0 48 68 62 72 74 80 75 
5.0 52 66 76 75 
10.0 55 


* Aspartic acid, uracil, threonine, and lysine omitted from the basal medium; 
supplements of 200 7 of pt-threonine and pu-lysine and 50 y of uracil per 5 ml. added 
as indicated. 

t Biotin omitted from the basal medium; supplements of sodium bicarbonate and 
Tween 80, 2 mg. and 5 mg. per 5 ml., respectively, added to the basal medium; test 
organism incubated 23 hours at 30°. 
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presence of all three the aspartic acid required was approximately one- 
tenth the amount when these supplements were omitted from the medium. 

Since a combination of a source of oleic acid such as Tween 80 and as- 
partic acid replaces the requirement of the organism for biotin (7), the 
effects of threonine, lysine, and uracil on the aspartic acid requirement 
can be determined in a biotin-free medium, in which the biosynthesis of 
aspartic acid is negligible. More aspartic acid was needed for maximal 
growth than in the biotin-containing medium; however, the relative effects 
of the supplements were about the same in both media except in the pres- 


TABLE IV 
Effects of Uracil, Threonine, and Lysine on Cysteic Acid Inhibition 
Test organism, L. arabinosus 17-5, incubated 24 hours at 30°. 


— 


Galvanometer readings 
1-Cysteic acid Supplements* 
on (Th | uracil, | Lysine, | Uracil. 
None | | Lysine [Threonine | | 
mg. per 5 ml 
0.1 44 
0.2 39 
2 7 11 10 10 38 26 40 “ 
8 | | 8 


* Uracil, pL-threonine, and pL-lysine omitted from the basal medium and added 
as indicated at concentrations of 50 y per 5 ml. 


ence of all three components, threonine, lysine, and uracil. In the biotin- 
containing medium the three supplements exerted a 10-fold sparing effect 
mn the aspartic acid requirement, while in the biotin-free medium the 
aspartic acid requirement was spared only 5-fold by all three supplements. 

Table III gives the results of a similar assay, except that sodium bicar- 
bonate was used to promote growth in place of aspartic acid. A compari- 
xn of Tables II and III shows that the various supplements had about 
the same sparing effect on the sodium bicarbonate requirement as on the 
aspartic acid requirement. 

Since biotin is known to be involved in aspartic acid biosynthesis, the 
biotin requirement in the presence and absence of threonine, lysine, and 
wacil was determined. The organism requires either sodium bicarbonate 
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or aspartic acid in the absence of threonine, lysine, and uracil. Sinee 
aspartic acid supports growth in the absence of biotin, while sodium bicar. 
bonate does not, sodium bicarbonate was added to the medium. This 
medium was also supplemented with Tween 80, a source of oleic acid. As 
indicated in Table III, the biotin requirement was reduced in the presence 


TABLE V 
Effects of Uracil on Cysteic Acid Inhibition in Presence and Absence of Biotin 
Test organism, L. arabinosus 17-5, incubated 23 hours at 30°. 


Galvanometer readings 
L-Cysteic acid pi-Aspartic acid Supplements* 
Biotin Biotin, uracil Tween 80 |Tween 80, uracil 
mg. per 5 ml. mg. per 5 ml. 

0.0 0.2 70 82 43 51 

0.5 0.2 39 52 

1 0.2 70 37 49 

2 0.2 44 72 33 45 

5 0.2 20 49 22 37 
10 0.2 11 25 14 23 
20 0.2 7 10 11 
50 0.2 6 

0.0 0.5 77 82 46 65 

0.5 0.5 42 66 

1 0.5 42 63 

2 0.5 73 41 61 

5 0.5 62 78 37 54 
10 0.5 41 74 31 47 
20 0.5 18 42 14 31 
50 0.5 8 12 8 

100 0.5 6 


* Biotin, uracil, and aspartic acid omitted and glutamine (100 y per 5 ml.) added 
to the medium. Supplements of biotin, uracil, and Tween 80, 0.01 y, 50 y, and 5 mg. 
per 5 ml., respectively, added as indicated. 


of any one supplement and even more so in the presence of any two of the 
supplements. When threonine, lysine, and uracil were added, the amount 
of biotin required was about one-tenth that in the absence of these sup- 
plements. 

The effects of threonine, lysine, and uracil on cysteic acid inhibition 
were determined in order to gain further insight into the interrelationships 
of these compounds and aspartic acid. As indicated in Table IV, each 
compound alone showed some reversing activity, and any combination of 
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two was still more effective. The presence of all three supplements re- 
sulted in a 10-fold increase in the inhibition index. 

Table V illustrates the effects of uracil on cysteic acid inhibition at 
two levels of aspartic acid in the presence and absence of biotin supple- 
ments. In order to prevent toxicity of the high levels of aspartic acid, 
glutamine was added to this assay. The inhibition index was increased 
2-fold by uracil under all conditions. Orotic acid, ureidosuccinic acid, and 
argininosuccinic acid did not show any activity in reversing cysteic acid 
inhibition. 

In preliminary experiments, similar results interrelating pyrimidines and 
aspartic acid were obtained with other organisms e.g. Lactobacillus casei 
and Leuconostoc dextranicum 8086. 


DISCUSSION 


The biosynthesis of pyrimidines in L. arabinosus is dependent upon the 
presence of aspartic acid or on conditions which allow biosynthesis of as- 
partic acid. Thus, aspartic acid can serve as a precursor of pyrimidines 
as well as threonine and lysine in this organism, as indicated by the ability 
of these substances to exert sparing effects on the aspartic acid require- 
ment for growth and to increase the cysteic-aspartic acid inhibition index. 
Bicarbonate in the presence of adequate concentrations of biotin can re- 
place aspartic acid and allow biosynthesis of these metabolites. Although 
carbon dioxide has been reported to be incorporated into position 2 of 
pyrimidines (8), the effects of bicarbonate in the above experiments result 
primarily from its rdle in the biosynthesis of aspartic acid. Similarly, the 
effect of pyrimidines as well as of threonine and lysine on the biotin re- 
quirement in the absence of aspartic acid apparently results from a sparing 
effect on aspartic acid synthesized by a mechanism involving biotin. 

In a previous investigation (6), threonine, lysine, biotin, and bicar- 
bonate were found to be required for good growth in the absence of aspartic 
acid. The bicarbonate was added in concentrations up to 1 mg. per 5 ml. 
before autoclaving. Subsequently, aseptic additions of bicarbonate were 
found to be about 10 times as effective, and appropriately high concen- 
trations of bicarbonate added aseptically allow good growth even in the 
absence of exogenous threonine, lysine, and pyrimidines. Since the sparing 
of lysine, threonine, and uracil on the aspartic acid requirement is greater 
in the presence than in the absence of biotin, additional interrelationships 
of some of these compounds with biotin are suggested. The structure of 
biocytin, a naturally occurring conjugate of biotin with lysine (9, 10), also 
offers evidence that lysine may be involved in a coenzyme form of biotin. 

Since threonine, lysine, and pyrimidines exert independently some spar- 
ing effect on the aspartic acid requirement and an effect on cysteic acid 
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inhibition, interrelationships among these compounds exist. A common ip. 
termediate such as 6-asparty] phosphate (11) or a related aspartic deriva. 
tive may be involved, but only a partial reversal of the biosynthesis occurs 
since no one compound can replace any of the others, even at high concen. 
trations. The accumulation of pyrimidines by lysineless mutants of Neuro. 
spora similarly suggests the possibility of a common intermediate (12). 
The involvement of each of these substances in one biochemical process 
or the involvement of one or two of these metabolites in the biosynthesis of 
the remaining one would also offer an explanation for each of these metabo- 
lites exerting an effect alone. 

Although orotic acid (1) and ureidosuccinic acid (2) are effective in re- 
placing pyrimidines in some organisms, these compounds do not replace 
pyrimidine for L. arabinosus under the above testing conditions. Studies 
on Neurospora mutants (13) have shown that orotic acid per se is probably 
not an intermediate in the biosynthesis of pyrimidines, and the results of 
this investigation do not preclude the possibility that a conjugated form of 
orotic acid is involved in uracil biosynthesis. The inactivity of ureidosuc- 
cinic acid suggests that, aside from permeability factors, this compound 
per se does not serve as an intermediate in pyrimidine biosynthesis, but 
this inactivity does not preclude the involvement of a conjugated form of 
ureidosuccinic acid. 


SUMMARY 


The effects of pyrimidines on the aspartic acid requirement and on 
cysteic acid inhibition of Lactobacillus arabinosus indicate a roéle of aspartic 
acid in the biosynthesis of pyrimidines. Bicarbonate in the presence of a 
biotin supplement, but neither ureidosuccinic acid nor orotic acid, replaces 
exogenous aspartic acid in the biosynthesis of pyrimidines. The rédle of 
aspartic acid in the biosynthesis of threonine, lysine, and pyrimidines is 
such that each metabolite exerts independent effects on the aspartic acid 
requirement and on cysteic acid inhibition of L. arabinosus. 
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THE INTERACTION OF HYDROGENASE WITH OXYGEN* 


By HARVEY F. FISHER, ALVIN I. KRASNA,f anv D. RITTENBERG{ 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, February 1, 1954) 


Hydrogenase was discovered in Bacterium formicum by Stephenson and 
Stickland (1), who observed that this organism could use hydrogen to reduce 
a number of quite diverse substrates. The enzyme was later found in 
various other bacterial species (2). Green and Stickland (3) observed that 
an inert metal behaved as a reversible hydrogen electrode in a suspension 
of Bacillus coli, and Farkas, Farkas, and Yudkin (4) found that a suspen- 
sion of B. coli catalyzed the reaction 


H:. + HDO = HD + H:0O (1) 


Because of the simplicity of its substrate, it seems reasonable that the 
interaction between the enzyme hydrogenase and its substrate hydrogen 
will be less complex than that for any other enzyme system. The hydro- 
gen molecule is unique in that it is composed of but 2 identical atoms and 
contains but one closed shell of 2 electrons. Three point interaction be- 
tween hydrogen and hydrogenase is obviously impossible and, because of 
the small interatomic distance in hydrogen, two point interaction is un- 
likely. Further, hydrogen in solution is unaffected by changes of hydrogen 
ion concentration. 

Various systems have been employed to assay hydrogenase activity. 
Most investigators measure the rate of reduction of some substrate by 
hydrogen; methylene blue (1) and other dyes (5), oxygen (6), nitrate (7), 
ferricyanide (8), fumarate (2), acetaldehyde (9), and vinylacetic acid (10) 
have been used. These assay systems measure the resultant of two con- 
secutive reactions, the rate of activation of hydrogen and the rate of reac- 
tion of the activated hydrogen with the acceptor. It is known that the 
rate of the second reaction is influenced by the nature of the hydrogen accep- 


* This work was aided by a contract between the Office of Naval Research, De- 
partment of the Navy, and Columbia University (ONR 26602). The deuterium oxide 
was obtained on allocation from the Atomic Energy Commission. 

t Predoctoral Fellow, National Science Foundation, 1953-54. This report is from 
a dissertation to be submitted by Alvin I. Krasna in partial fulfilment of the require- 
ment for the degree of Doctor of Philosophy in the Faculty of Pure Science, Columbia 
University. 

$ On leave, 1953-54. Present address, The Institute for Advanced Study, Prince- 
ton, New Jersey. 
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tor (11). Our assay system, which measures the rate of the exchange re. 
action between hydrogen and heavy water (Equation 1), circumvents any 
difficulties connected with the activation of the reducible substance and 
directly measures the primary reaction catalyzed by hydrogenase, the reaction 
of hydrogen and the enzyme. 

Hoberman and Rittenberg (12) took advantage of the exchange reaction 
to study the properties of hydrogenase in Proteus vulgaris. Their studies, 
which were carried out with whole cells, led them to the conclusion that the 
enzyme was a ferrous iron-porphyrin-protein complex. This was based 
on the following evidence. The active enzyme could be inhibited by carbon 
monoxide, and the inhibition reversed by light. This is a property found 
only with iron-carbon monoxide complexes (13). The enzyme could be 
inactivated (oxidized) by passing a stream of oxygen through a suspension 
of bacteria for long periods. After such treatment, the enzyme was in- 
active and could be reactivated by incubation under hydrogen or by ad- 
dition of various metabolic substrates (glucose, fumarate, etc.) or sodium 
hydrosulfite (Na2S.0,). Addition of cyanide to the “oxidized” enzyme ir- 
reversibly inactivated it; cyanide had no effect on the active enzyme. This 
is in accord with the properties of other iron porphyrins which are trapped in 
the ferric state by the addition of cyanide but are unaffected in the ferrous 
state. 

This view was supported by the observations of Waring and Werkman 
(14) that Aerobacter indologenes grown in an iron-free medium was devoid 
of hydrogenase activity. 

The photochemical action spectrum of the hydrogenase of butyric acid 
bacteria has been measured (15), and Warburg (13) has interpreted this as 
indicating that the enzyme is not a ferrous iron-porphyrin-protein complex 
but might be a ferrous iron-sulfhydryl-protein complex. 

Several investigators (5, 16-18) have prepared cell-free systems contain- 
ing hydrogenase. All have found that these systems are easily inactivated 
by air and are best preserved in an atmosphere of hydrogen. It has gener- 
ally been assumed, on the basis of the experiments of Hoberman and Rit- 
tenberg, that the enzyme in cell-free preparations is easily oxidized by at- 
mospheric oxygen; all the effects of oxygen were explained on this basis. 
We shall here present evidence that hydrogenase not only can be oxidized 
and reduced but also can be oxygenated and deoxygenated. In this respect 
it resembles hemoglobin. The oxygenated hydrogenase is inactive. 


EXPERIMENTAL 


Preparation of Cell-Free Extracts of P. vulgaris—Stock cultures of P. vul- 
garis taken from an agar slant were passed through liquid medium three 
times and then transferred to 15 liters of liquid medium (19). The bac- 
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teria were harvested with a Sharples supercentrifuge and washed twice 
with water. The bacterial paste could be stored in an ice box in air without 
appreciable deterioration for some weeks. 

6 gm. of bacterial paste were diluted to 25 ml. with water and treated for 
90 minutes by sonic vibration from a 9 ke. Raytheon oscillator. The cell 
débris and unbroken cells were removed by centrifugation at 20,000 x g. 
The supernatant fluid is called the crude extract. 

Measurement of Enzymatic Activity—The rate of the exchange reaction 
was determined as described by Krasna and Rittenberg (20). The deute- 
rium concentration in the liquid phase (total volume 5 ml.) was 10 atom 
per cent excess and the pH was held at 6.7 by 0.10 m phosphate buffer. 
The flask was cooled in ice and evacuated by a mechanical pump, filled to 
about 4 atmosphere with hydrogen, reevacuated, and refilled with H: to 
between 30 and 60 cm. pressure. The flask, containing the entire system, 
was shaken at room temperature. Samples of gas were removed at various 
intervals and analyzed for deuterium with a mass spectrometer. We de- 
fine the activity of any sample as the value of dC/dt, in which C is the deute- 
rium concentration in atom per cent excess of the gas phase and ¢ is in min- 
utes. 


Results 


Lag Phase—This phenomenon is shown by most preparations of hydro- 
genase (2, 12, 16, 19, 20). It can be observed in bacteria but is more pro- 
nounced in cell-free preparations. In Fig. 1 are shown two experiments, 
one with bacteria and the other with a crude extract. The lag phase is 
determined by extrapolating the linear part of the curves back to the axis 
of the abscissas. With whole cells the lag phase was 16 minutes; with the 
extract it was 54 minutes. The lag period in bacteria can be lengthened 
by aerating the bacterial system (2, 12, 19). The explanation given here- 
tofore is that the enzyme has been oxidized and that the lag phase is the 
period required for the reduction of the enzyme by an autocatalytic re- 
action. 

Not all the effects produced by oxygen are the result of oxidation of the 
enzyme. Oxygen can inhibit the enzyme by two different mechanisms, 
oxidation and oxygenation. To reverse the second type of inhibition, it is 
sufficient to remove the oxygen. 

The crude extract, as well as whole cells, catalyzes the oxyhydrogen 
reaction. This is shown in Fig. 2. In this experiment a crude extract was 
shaken in an atmosphere containing 95 per cent H», and 5 per cent air; 7.e., 
1 per cent oxygen. Gas samples were analyzed for deuterium, and the 
oxygen concentration was determined from the ratio of the ion intensities 
32 (O:*) to 28 (N.+). The oxygen content decreases to zero. In the same 
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figure is shown the deuterium concentration of the gas phase. As the oxy- 
gen content of the gas phase decreases, the rate of the exchange reaction 
increases. 
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Fic. 1. Lag phase in bacteria and cell-free extracts. @,0.1 ml. of cell suspension 
containing 0.79 mg. of N; O, 0.3 ml. of crude extract containing 1.11 mg. of N. 
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Fig. 2. The effect of oxygen concentration on the rate of the exchange reaction. 
The flask contained 1 ml. of a crude extract (3.5 mg. of N). The gas phase was 9 
per cent He, 4 per cent Ne, and I per cent Ox. 
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If the gas phase used contains 95 per cent argon, 4 per cent nitrogen, and 
1 per cent oxygen, the crude extract does not consume oxygen (Fig. 3) 
since the ratio of mass 32 (O.*) to mass 28 (N.*) remains constant for 300 
minutes. The argon to oxygen ratio also remains constant. The same 
amount of extract, under hydrogen, attains full activity and therefore has 
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Fic. 3. Failure of crude extract to remove oxygen in the absence of hydrogen. 
The flask contained 0.2 ml. of a crude extract (0.7 mg. of N). The gas phase was 95 
per cent A, 4 per cent No, and 1 per cent Ox. 

Fig. 4. Effect on the lag phase of crude extracts of a short exposure of the active 
system to air. The crude extract used contained 3.71 mg. of N per ml. The solid 
symbols are the values of the atom per cent excess deuterium in the gas phase during 
the first incubation. The open symbols are the values obtained after opening the 
active system to air for 30 seconds and then refilling with hydrogen. @, O, 0.5 ml. 
of crude extract; A, A, 0.3 ml. of crude extract; HM, 0, 0.2 ml. of crude extract. 


removed the oxygen in 90 minutes. This crude extract removes oxygen by 
an oxyhydrogen reaction. 

The lag phase will depend on the rate of the removal of oxygen. The 
lag phase in whole bacteria is usually short since oxygen-consuming sys- 
tems are always present, and the only way to prevent the removal of 
oxygen would be to remove all substrates of the oxygen-consuming sys- 
tems completely. 

The effect of varying amounts of crude extract on the lag phase is shown 
in Fig.4. The lag phase appears to be inversely proportional to the amount 
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figure is shown the deuterium concentration of the gas phase. As the oxy. 
gen content of the gas phase decreases, the rate of the exchange reaction 
increases. 
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Fic. 1. Lag phase in bacteria and cell-free extracts. @,0.1 ml. of cell suspension 
containing 0.79 mg. of N; O, 0.3 ml. of crude extract containing 1.11 mg. of N. 
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Fig. 2. The effect of oxygen concentration on the rate of the exchange reaction. 
The flask contained 1 ml. of a crude extract (3.5 mg. of N). The gas phase was 95 
per cent He, 4 per cent No, and 1 per cent Ox. 
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If the gas phase used contains 95 per cent argon, 4 per cent nitrogen, and 
1 per cent oxygen, the crude extract does not consume oxygen (Fig. 3) 
since the ratio of mass 32 (O.*+) to mass 28 (N;+) remains constant for 300 
minutes. The argon to oxygen ratio also remains constant. The same 
amount of extract, under hydrogen, attains full activity and therefore has 
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Fig. 3. Failure of crude extract to remove oxygen in the absence of hydrogen. 
The flask contained 0.2 ml. of a crude extract (0.7 mg. of N). The gas phase was 95 
per cent A, 4 per cent No, and 1 per cent Oz. 

Fic. 4. Effect on the lag phase of crude extracts of a short exposure of the active 
system to air. The crude extract used contained 3.71 mg. of N per ml. The solid 
symbols are the values of the atom per cent excess deuterium in the gas phase during 
the first incubation. The open symbols are the values obtained after opening the 
active system to air for 30 seconds and then refilling with hydrogen. @, O, 0.5 ml. 
of crude extract; A, A, 0.3 ml. of crude extract; M, 0, 0.2 ml. of crude extract. 


removed the oxygen in 90 minutes. This crude extract removes oxygen by 
an oxyhydrogen reaction. 

The lag phase will depend on the rate of the removal of oxygen. The 
lag phase in whole bacteria is usually short since oxygen-consuming sys- 
tems are always present, and the only way to prevent the removal of 
oxygen would be to remove all substrates of the oxygen-consuming sys- 
tems completely. 

The effect of varying amounts of crude extract on the lag phase is shown 
in Fig.4. The lag phase appears to be inversely proportional to the amount 
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of crude extract for, when 0.2, 0.3, and 0.5 ml. of extract were used, the lag 
phases were 42, 30, and 17 minutes respectively. While the amount of 
oxygen in the system is dependent solely on the volume of the liquid phase, 
which is constant, the amount of reducing system added is proportional to 
the amount of crude extract used. The time required to remove the oxy- 
gen should therefore be inversely proportional to the amount of crude ex. 
tract used. 

After the determination of the lag phase and the rate of reaction, the 
flasks were opened to air, shaken for 30 seconds, and then immediately 
evacuated and refilled with hydrogen. The same lag phases and reaction 
rates were found (Fig. 4). 

When the crude extract was dialyzed against two changes of water for 
16 hours, the lag period became very long (Fig. 5, Curve A). Addition of 
fumarate, pyruvate, or glucose (0.04 m) had no effect on the activity of the 
dialyzed extract (Curve A). Addition of succinate (0.04 mM) shortened the 
lag phase to 60 minutes (Curve B). Addition of glucose (0.04 m) together 
with glucose oxidase! (400 mg.) also shortened the lag phase to 60 minutes 
(Curve C). The glucose-glucose oxidase system is known to be an efficient 
method for producing anaerobic conditions (21). This action of the glucose 
oxidase system is in accord with the effect produced by succinate. A sys- 
tem for oxidation of succinate by oxygen is widely distributed in living cells. 

Other investigators as well as ourselves have noticed that crude extracts 
could be activated by various additions; cysteine, glutathione, thioglycolic 
acid, hydrosulfite, etc. There is one striking difference between the action 
of hydrosulfite and all the other compounds mentioned. With the excep- 
tion of hydrosulfite, they are erratic in their action, effective in some cell- 
free preparations and not in others. Their effectiveness is determined by 
the presence or absence of enzyme systems which cause these substances to 
react with molecular oxygen. In the presence of the enzyme glucose oxi- 
dase, glucose can activate hydrogenase; in the absence of glucose oxidase, 
glucose is without effect. Hydrosulfite, however, will consistently acti- 
vate hydrogenase (Fig. 5, Curve D). Hydrosulfite reacts rapidly with oxy- 
gen at room temperature.’ It will deoxygenate oxyhemoglobin. Hypo- 
phosphite, though a powerful reducing agent, does not react with molecular 
oxygen. It has no effect on the activity (Table 1); neither does thioglyco- 
late. 

The amount of hydrosulfite required to activate a particular cell-free 
system is independent of the amount of protein; it seems to be dependent 


1 The glucose oxidase was a crude preparation purchased from the Sigma Chemical 


Company, St. Louis. 
2 Direct measurements showed that 1 mg. of the hydrosulfite used reacted with 
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The activity 


(dC /dt) of the enzyme at two different enzyme concentrations is plotted 
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flask contained 0.2 ml. of a dialyzed extract (0.7 mg. of N). 


u glucose, 0, 0.04 M pyruvate, @, 0.04 m fumarate (Curve A); A, 0.04 mM succinate 
(Curve B); @, 0.04 mw glucose + 400 mg. of glucose oxidase (Curve C); and @, 0.0067 


uw sodium hydrosulfite (Curve D). 


Fic. 6. Amount of hydrosulfite required to activate a dialyzed extract. 
ml. of dialyzed extract (0.35 mg. of N), @, 0.2 ml. of dialyzed extract (0.70 mg. of N). 


TABLE [ 


Effect of Some Reducing Agents on Activity of Dialyzed Extract 


Mg SODIUM HYDROSULFITE 


6 


Fig. 5. Effect of various substrates on the lag phase of dialyzed extracts. 
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Each flask contained 0.2 ml. of dialyzed extract (0.70 mg. of N). 


against the amount of hydrosulfite used. Approximately 0.8 mg. of hydro- 
sulfite is required to activate 5 ml. of an enzyme solution which has been 


equilibrated with air. 


When hydrogen was bubbled through the buffer plus D.O (4.8 ml.) be- 
fore addition of the extract (0.2 ml.) or of the hydrosulfite, 0.5 mg. of the 
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latter produced full activity (3.7 X 10-* per cent D per minute). The same 
system in equilibrium with air before the addition of the same amount of 
hydrosulfite (0.5 mg.) had no activity (0.05  10-* per cent D per minute), 

In all experiments, we have observed that, when the enzyme system was 
active, no oxygen (mass 32) could be detected in the gas by the mass spec. 
trometer (sensitivity =0.001 volume per cent). In experiments in which 
the enzyme system was inactive, oxygen was always present in the gas 
phase. 


/o 
1.4- 
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/ 
/ B 
LJ Cc 
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O 60 
TIME IN MINUTES 

Fic. 7. Effect of deoxygenation by physical means on the lag phase of dialyzed 
extracts. Each flask contained 0.2 ml. of a dialyzed extract (0.7 mg. of N). O, no 
additions, evacuated for 10 minutes before introducing hydrogen; @ , 0.0067 m sodium 
hydrosulfite, evacuated for 10 minutes before introducing hydrogen; A, no additions, 
evacuated for 4 hours before introducing hydrogen; ®, no additions, hydrogen was 
passed through buffer and D-.O for 3} hour before adding the extract. 


All these results indicate that the oxygen, dissolved in the water, inhibits 
hydrogenase, and that the lag phase is the time required for the removal of 
this oxygen. It is possible to remove most of the dissolved oxygen by 
physical rather than chemical means. In Fig. 7 are the results of an experi- 
ment with a dialyzed extract (Curve A) and, for comparison, the dialyzed 
extract activated by hydrosulfite (Curve D). In Curve B are the results 
of an experiment in which hydrogen was bubbled through the buffer plus 
D.O (total volume, 4.8 ml.) for 30 minutes. The dialyzed extract (0.2 ml.) 
was then added, and the flask immediately evacuated and filled with hy- 
drogen. The lag phase was only 20 minutes. In Curve C are the results 
of an experiment in which the complete system prepared in equilibrium 
with air was evacuated for 4 hours. Each hour the contents of the flask 
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were frozen with dry ice. The temperature of the liquid remained below 
10° at all times. At the end of this time the flask was filled with oxygen-free 
hydrogen and the activity determined. The lag phase was then only 40 
minutes. In another experiment, pumping for 1.5 hours reduced the lag 
phase to 60 minutes. | 

The fact that removal of oxygen by physical means activates (decreases 
the lag phase) the enzyme is direct evidence that we are dealing, not with an 
oxidation by oxygen, but by oxygenation-deoxygenation exactly as in the 
ease of hemoglobin. If # represents the enzyme, then the reaction with 
oxygen is as shown in Equation 2, 


E + O2: = EO, (2) 


in which E is the active enzyme. EO, has no hydrogenase activity. The 
reaction is reversible; removal of oxygen by either physical or chemical 
means shifts the equilibrium to the left. 

In both Figs. 5 and 7 the activity of the dialyzed enzyme, whether de- 
oxygenated by the glucose oxidase system, the succinate system, or physical 
means, never equals that observed when hydrosulfite is used. This may be 
due to the fact that the enzyme which has been exposed to oxygen is partly 
in the oxidized state. Hydrosulfite is more effective in restoring enzymatic 
activity than the other systems since it can not only deoxygenate the en- 
zyme, but also reduce it. 

At all concentrations of oxygen there will be some enzyme in the active 
state. For this reason there will be some hydrogenase activity even before 
all the oxygen is removed (Fig. 2). 

It seems unnecessary to invoke the existence of cofactors, ‘“‘sparkers,”’ 
or cyclic processes in the action of hydrogenase. 


We are indebted to Dr. Ronald Bentley, who suggested to us the use of 
the glucose oxidase system for producing anaerobic conditions, and to Dr. 
A. San Pietro, whose work in the early stages of this project helped us to 
avoid many pitfalls. 

SUMMARY 

The enzyme hydrogenase has been shown to combine reversibly with 
oxygen. The oxygenated enzyme is inactive. It can be activated by 
any process which removes oxygen. This has been done chemically by 
adding sodium hydrosulfite, enzymatically by adding glucose oxidase and 
glucose, and physically by degassing. The lag phase observed in hydro- 
genase preparations is the time required to deoxygenate the system. 
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QUANTITATIVE COLORIMETRIC ASSAY OF ACID 
MUCOPOLYSACCHARIDES 


By NICOLA D1 FERRANTE 


(From the Hospital of The Rockefeller Institute for Medical Research, New York, 
New York) 


(Received for publication, February 26, 1954) 


In 1946 Hale (1) described a histochemical method for the detection of 
acid polysaccharides in animal tissues, based on the ability of these com- 
pounds to bind ferric ions, which were subsequently detected as Prussian 
blue. It has been possib:e to adapt this histochemical method to the 
quantitative determination of acid mucopolysaccharides on a macro or 
micro scale. The major modification of the original method involves the 
measurement of the iron bound by the mucopolysaccharides by an adap- 
tation of Lyons’ (2) thioglycolicgacid method. This change was neces- 
sitated by the low solubility of Prussian blue in aqueous solutions. 

Reagents— 

1. Acetate buffer. 0.2 mM sodium acetate-acetic acid (pH 6) to which 
NaCl is added to give a concentration of 0.15 M. 

2. Acid mucopolysaccharide solution. 50 mg. of chondroitin sulfate! 
or hyaluronic acid? (each as a salt) are dissolved in 100 ml. of the acetate 
buffer. 

3. Ferric chloride reagent containing 0.648 gm. of FeCl;-6H.O, 1 gm. 
of mannitol, and 12 mg. of ascorbic acid in 100 ml. of water. After 24 
hours this reagent remains stable for at least 1 week, if kept in a dark bottle 
at 20°. 

4. 2 per cent (volume per volume) aqueous solution thioglycolic acid. 

5. Concentrated nitric acid, sp. gr. 1.42. 

6. Concentrated ammonium hydroxide, sp. gr. 0.90. 

Macromethod—Into each test-tube’ calibrated at 5 ml. is delivered either 
a1 ml. aliquot of solution containing from 50 to 500 y of acid mucopoly- 


‘Sodium chondroitin sulfate was prepared according to Meyer et al. (3). On 
analysis it was found to have 2.38 per cent nitrogen and 5.75 per cent sulfate sulfur. 
The biuret test for protein was negative. The chondroitin sulfate and the pertinent 
analytical data were obtained through the courtesy of Dr. D. Dziewiatkowski. 

* Sodium hyaluronate was prepared according to Greif (4). On analysis its com- 
position was found to be as follows: nitrogen 4.43, glucosamine 22.7, glucuronic acid 
24.8, and sulfur 0.4 per cent. The hyaluronate and the pertinent analytical data 
were obtained through the courtesy of Dr. R. Greif. 

*15 X 100 mm., Arthur H. Thomas, No. 9446, selected for uniformity of size and 
optics. 
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saccharide per ml. of acetate buffer or a 1 ml. aliquot of the acetate buffer. 
The tubes are then immersed in a water bath maintained at 37.5°. Wher 


the contents of the tubes have attained the temperature of the bath (10 


to 15 minutes), a 2 ml. aliquot of the ferric chloride reagent is added to 
each tube, which is agitated gently to insure mixing. The tubes are then 
returned to the water bath for an additional period of 10 minutes in the 
case of the chondroitin sulfate or of 20 minutes in the case of hyaluronic 
acid. The tubes are then transferred to an ice water bath for 10 minutes! 
Then they are centrifuged for 10 minutes at 1400 X g. The supernatant 
fluid is decanted, and the tubes are left inverted on absorbent. paper for 
30 minutes. The mouth of each tube is wiped completely dry with absor. 
bent paper. The dark precipitate is dissolved by adding to each tube 2 
drops of concentrated nitric acid and distilled water to bring the volume to 
5 ml. After complete mixing, a 0.5 ml. aliquot is transferred from each 
tube to a 10 ml. calibrated cuvette,’ followed by 1 ml. of concentrated 
ammonium hydroxide, 2 ml. of 2 per cent thioglycolic acid, and distilled 
water to bring the volume to 10 ml. Agherry-red color develops immedi- 
ately. After mixing by inversion, the cuvettes are left in the dark for 30 
minutes, at which time the optical densities at 540 mu are read. In this 
work a Coleman junior spectrophotometer, model 6A, was employed. 

Micromethod—The procedure here is similar to that described above ex- 
cept that both precipitation and color development are carried out in a 
cuvette calibrated at 5 ml.,° as follows: To a 0.2 ml. aliquot of a solution 
of mucopolysaccharide (5 to 50 y) in acetate buffer at 37.5° is added 0.5 
ml. of the ferric chloride reagent. After the necessary time in the water 
bath, centrifugation, and removal of the supernatant fluid, the precipitate 
is dissolved and the color developed as described. The final volume is 
brought to 5 ml. 

Use of Method for Assay of Hyalurontdase Activity—-The micromethod 
described here has been used for the determination of the activity of par- 
tially purified preparations of hyaluronidase, with either chondroitin sulfate 
or hyaluronate as substrate. The enzyme, prepared from bovine testicles 
according to the method of Tint and Bogash (5), had an activity equivalent 
to 2174 turbidity reducing units per mg. of nitrogen. Different quantities 
of enzyme, dissolved in 0.1 ml. aliquots of acetate buffer, were incubated 
at 37.5° with 30 y of either substrate, dissolved in 0.1 ml. aliquots of the 
same buffer. The incubation period was 30 minutes if hyaluronic acid was 
the substrate used, or 60 minutes with chondroitin sulfate. During this 


' 41f the tubes are not brought to 0° before centrifugation, less precipitate is ob- 
tained and the ealibration line is not straight. Especially with the larger amounts 
of mucopolysaccharide, less than the expected amount of iron is precipitated. 

510 X 100 mm., Arthur H. Thomas, No. 9446, selected for uniformity of size and 
optics. 
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period, standards containing 50, 30, 15, and 5 y of substrate and one blank 
containing solvent alone and another with enzyme alone were prepared 
and incubated for at least 10 minutes.6 At the end of the incubation period, 
addition of 0.5 ml. of ferric chloride reagent to each tube stopped the en- 
zymatic reaction and also precipitated the unchanged substrate. The pre- 
cipitate was then isolated by centrifugation, dissolved in nitric acid, and 
further treated as described under ‘‘Micromethod.” The blanks and 
standards were processed at the same time. The optical density given by 
each standard was then plotted against the amount of substrate in each. 
Then to ascertain the amount of unchanged substrate which remained 
after incubation, the optical density readings obtained with the tubes to 
which the enzyme had been added were referred to the calibration line. 
The amount of substrate depolymerized by each quantity of enzyme was 
calculated by subtracting the residual from the original amount of sub- 
strate. The activity may be defined in relation to that quantity of en- 
zyme which effects a 50 per cent reduction in the initial standard quan- 
tity of substrate, under the specified conditions of assay. 


RESULTS AND DISCUSSION 


Figs. 1 and 2 represent the relation between optical density at 540 mu 
and the amount of chondroitin sulfate or hyaluronic acid. It can be seen 
that in the macro and micro versions of the method the chondroitin sul- 
fate and hyaluronic acid concentrations are linearly related to the optical 
density of the colored solution. The recovery test run in both instances 
reveals an accuracy of +2 y for the micromethod and +10 y for the macro- 
method. 

Fig. 3 shows the amount of substrate changed after incubation at 37.5° 
by different quantities of the bovine testicular hyaluronidase. All at- 
tempts to saturate the enzyme with either substrate have been unsuccess- 
ful. Therefore, it was necessary to express the activity in terms of quan- 
tity of enzyme necessary to achieve a given per cent reduction in amount 
of substrate in a given time. 

This colorimetric adaptation of Hale’s histochemical method permits a 
rapid and relatively accurate determination of chondroitin sulfate and of 
hyaluronate. No difficulties are encountered in the preparation of the 
reagents, which are stable enough to insure reproducible results. More- 
over, the reaction between the color-producing reagent and the muco- 
polysaccharides is a direct one, in contrast to other colorimetric methods 
available for these compounds, in which the presence of proteins is neces- 


* With the purified enzyme used, the blank was low and gave values identical with 
those given when buffer only was used. However, both blanks should be run until 
it is certain that the enzyme preparation does not increase the blank. 
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sary. The accuracy of the micromethod in detecting small quantities of 
mucopolysaccharides permits the assay of very small quantities of ep. 
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Fig. 1. Relationship between optical density at 540 mu and the amount of muco- 
polysaccharides measured by the macromethod. 

Fig. 2. Relationship between optical density at 540 mu and the amount of muco- 
polysaccharides measured by the micromethod. 
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Fig. 3. Micrograms of substrate changed by different quantities of enzyme during 


incubation at 37.5°. 


zyme. 


This method, unlike that of Greif (6), is not suited to the assay of 
crude preparations of enzymes, since their high protein content interferes 
with the ability of the mucopolysaccharides to bind ferric ions and the 
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resulting precipitate is no longer related to the amount of the mucopoly- 
saccharides present. The application of this method to the assay of the 
enzymatic activity shows that, at least under the conditions employed, the 
substrate loses its ability to combine with the ferric chloride reagent when 
it has been modified by the enzyme. This is not necessarily incompatible 
with Persson’s (7) apparently conflicting observation, because the condi- 
tions of the reaction and the iron reagent of Hale’s original technique are 
quite different from those used in this colorimetric adaptation. 


SUMMARY 


The ability of the acid mucopolysaccharides to bind ferric ions and 
thereby become insoluble has been utilized for the development of macro- 
and microquantitative procedures for the determination of these materials 
(chondroitin sulfate and hyaluronate). The bound iron is determined col- 
orimetrically. 

The micro modification of the method has been useful in the assay of 
purified preparations of hyaluronidase. Crude enzyme preparations with 
high protein contents cannot be assayed by this procedure because the 
protein interferes with the precipitation of the iron-polysaccharide com- 
plex. 
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CARBON DIOXIDE AND ACETATE UTILIZATION BY 
CLOSTRIDIUM KLUYVERI 


I. INFLUENCE OF NUTRITIONAL CONDITIONS ON 
UTILIZATION PATTERNS* 


By N. TOMLINSON? anv H. A. BARKER 


(From the Department of Plant Biochemistry, University of California, 
Berkeley, California) 


(Received for publication, October 7, 1953) 


Clostridium kluyverit grows readily in a synthetic medium containing 
ethanol, acetate, carbon dioxide, and growth factor amounts of biotin and 
p-aminobenzoic acid as the only carbon compounds (1). Since ethanol 
and acetate are converted almost quantitatively to C, and Cz, fatty acids 
(2), and since the absence of net carbon dioxide formation indicates a 
lack of an active mechanism for complete oxidation of C. compounds, it 
is apparent that cellular constituents containing an odd number of carbon 
atoms, such as many of the amino acids, must be formed either by quanti- 
tatively inconspicuous side reactions of the C2. compounds or by mecha- 
nisms involving carbon dioxide utilization. The latter possibility receives 
support from the observation that carbon dioxide is required for growth, 
and the amount of growth is related to the quantity of carbon dioxide fixed 
(1). Furthermore, a tracer experiment showed that a large part of the 
carbon of the carbon dioxide taken up could be recovered in the bacterial 
cells. 

In the present work it has been demonstrated that carbon dioxide uptake 
and growth of the organism bear a linear relationship to each other. By 
the use of radioactive tracer techniques the utilization of carbon dioxide by 
growing cultures has been investigated in some detail, and the amino acids 
labeled as a consequence of the growth of the organism in media containing 


C¥O, or acetate-1-C™ have been isolated and identified. 


Methods 


C. kluyveri was grown in the medium of Bornstein and Barker (1), 
modified by the substitution of ammonium sulfate for ammonium chloride, 
and by increase in the sodium acetate content to 1.4 gm. per 100 ml. of 
medium and in the ethanol content to 1.2 gm. per 100 ml. When a syn- 
thetic medium was desired, 10 y of biotin and 200 y of p-aminobenzoic 


* This work was supported in part by a research grant from the United States 
Public Health Service. 
t Present address, Laboratory of Plant Pathology, Summerland, British Columbia. 
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acid per 100 ml. of medium were substituted for the yeast extract. It 
was found that the organism would grow satisfactorily in the synthetic 
medium when no reducing agent was added, providing a 10 per cent in- 
oculum was used. When a reducing agent was used in this medium, NaS 
was substituted for the sodium thioglycolate previously used (1). The 
carbonate content of the medium was varied as indicated in Tables I to 
III and Figs. 1 to 3. 

The bacteria were grown at 37° in 20 mm. test-tubes having chromous 
sulfate seals to remove oxygen, and growth was measured by change in opti- 
cal density. When CO, was determined, glass stoppers were used and the 
dissolved CO. was measured in an aliquot either manometrically (3) or 
gravimetrically as barium carbonate by use of the Y-tube diffusion appa- 
ratus described by Calvin et al. (4). Loss of dissolved CO, was avoided by 
making the medium alkaline immediately after the tube was opened and a 
sample was removed for pH determination. The CQO» in the gas phase was 
calculated by use of the Henderson-Hasselbalch equation. 

Organic material was oxidized to barium carbonate by a modification (4) 
of the method of Van Slyke et al. (5). 

The cells were collected by centrifugation and washed once with 0.1 
per cent NaHCQOs;, once with 0.001 m HCl, and then with distilled water. 
The washings were added to the supernatant solution. Cells grown with 
acetate-1-C™ were washed additionally as follows: twice with 0.2 m sodium 
acetate, butyrate, and caproate, once with 0.1 per cent KoCQOs, and once 
with 0.001 m HCl. The cells were either oxidized after drying, or, if they 
were to be hydrolyzed, they were suspended in 75 per cent ethanol for 10 
hours, then centrifuged and dried. 

Cells were hydrolyzed with about 10 times their volume of 20 per cent 
HCl in evacuated, sealed Pyrex glass tubes at 120° for 20 hours. The 
hydrolysate was evaporated to dryness at room temperature in a vacuum 
desiccator over CaCl, and NaOH pellets. The dry residue was extracted 
repeatedly with small volumes of 0.02 n HCl in 75 per cent ethanol and the 
alcoholic extracts were combined. 

Isolation and Identification of Amino Acids—In order to separate and 
identify the amino acids in the cellular hydrolysates, the techniques of 
paper chromatography (6) and radioautography (7) were used. 

Preliminary separation was accomplished with two-dimensional chroma- 
tography on Whatman No. 1 paper. Phenol saturated with water was 
used as solvent in the first dimension, and n-butanol-acetie acid-water 
(52:13:35 volume per volume, with as many extra drops of glacial acetic 
acid added as necessary to bring about clearing of the mixture) in the 
second. 

Radioautographs (7) of the two-dimensional chromatograms were pre- 
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pared, and provisional identification of the radioactive compounds was 
made by comparison of the radioautograph with a chromatogram of known 
amino acids prepared under identical conditions. The latter chroma- 
togram was sprayed with 0.1 per cent ninhydrin in acetone and then heated 
at 50-60° for 5 minutes to locate the amino aeids. 

Areas of the paper containing radioactive amino acids were cut out and 
eluted by descending chromatography with distilled water as solvent. 
Each eluate was subjected to ascending chromatography in a third solvent 
system as a means of further purification and identification. The solutions 
were placed on the papers in a series of applications without heat being 
applied in the drying process. When heat was applied, material was 
formed which remained at the origin. Several solvents were used in this 
step. For example, the pyridine-water solvent described. by Berry et al. 
(8) was used with the basic amino acids; the same solvent, but with the 
addition of 5 ml. of glacial acetic acid in a beaker in the cabinet, was used 
for aspartic acid, glycine, and serine; the ¢ert-amy! alcohol-water solvent 
of Work (9) was used for separation of leucine and isoleucine. Radioauto- 
graphs were again prepared, and the provisional identification of the radio- 
active materials was further checked by comparison of their chromato- 
graphic behavior with that of known amino acids in the same solvents. 
The labeled materials were again eluted, and suitable small aliquots were 
subjected to cochromatography in a fourth solvent system with the known 
amino acids with which they have been provisionally identified. A radio- 
autograph was prepared, then the chromatogram was sprayed with ninhy- 
drin and heated, and the colored area was compared with the darkened 
area of the radioautograph. If these areas corresponded exactly, the un- 
known labeled compound and the known amino acid with which it had been 
tentatively identified were considered to be identical (7, 10). 

Examination of Fermented Media—The volatile fatty acid fraction was 
separated from the cell-free, C“O.-free culture fluid by diluting a suitable 
aliquot 150-fold with water, adjusting to pH 3 with H.SO,, and then re- 
ducing the volume to 1 or 2 ml. by distillation under reduced pressure at 
about 45°. For radioactivity measurements, aliquots of the culture fluid, 
the volatile acid fraction, and the residue from the distillation were neu- 
tralized with NaOH and evaporated to dryness, and the dried residues were 
oxidized to barium carbonate (4, 5). 

The volatile fatty acids were separated on a silicic acid column (11) with 
Alphamine Red R as internal indicator (12). The method of Kennedy 
and Barker (13) was used for paper chromatography of the volatile acids. 
Acetate was degraded by the method of Phares (14). 

The neutral residue from the distillation of the fatty acids was extracted 
several times with 75 per cent ethyl alcohol in order to separate organic 
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material from inorganic salts. When C™O, was the labeled substrate, 
little or no radioactivity remained in the residue after this extraction. The 
extract was examined by two-dimensional paper chromatography and radio- 
autography as previously described. 

Assay of Radioactivity—A counter equipped with a thin mica window 
Geiger tube was used. 

Carbon dioxide was counted as barium carbonate. Observed counts 
were suitably corrected for background and self-absorption. Assay of 
radioactivity on paper chromatograms was made directly with a similar 
counter, and assay of solutions eluted from such chromatograms was ac- 
complished by counting small aliquots of negligible weight spotted on 
aluminum planchets. No correction for self-absorption was made. The 
counts made directly on paper were found to be very close to one-fourth 
of those found when the labeled material was eluted and counted on metal 
planchets. Counting was usually of sufficient length to insure a standard 
error of less than +3 per cent (4); greater errors are indicated in Table I, 


Results and Comments 


Relationship between Growth and Carbon Dioxide Uptake—The results of 
experiments with synthetic and yeast extract containing non-synthetic 
media are presented in Figs. 1, 2, and 3. Fig. 1 shows that in the yeast 
extract medium growth of the organism increased with carbonate concen- 
tration up to about 0.003 m. Further increases in carbonate concentration 
brought about only relatively small increases in growth. Manometric de- 
termination of the residual carbonate of the cultures demonstrated that 
growth was approximately proportional to carbon dioxide uptake (Fig. 2). 
In the synthetic medium, growth was found to increase almost linearly with 
carbonate concentration up to 0.0024 m (Fig. 3). Since carbon dioxide up- 
take is at least 90 per cent complete in the synthetic medium when carbon 
dioxide is limiting (Table I, Culture 3), growth is also proportional to car- 
bon dioxide uptake in this medium. 

Growth Experiments with C“O.—In experiments with COs, a growth- 
limiting carbon dioxide concentration was used so that a large part of the 
CO, would be utilized. CO, of high specific activity was used to obtain 
small quantities of heavily labeled compounds suitable for paper chroma- 
tography. 


Comparison of data obtained with cultures grown in synthetic and non- | 


synthetic media shows that the available carbon dioxide is used more 
completely in the synthetic medium (Culture 3) than in the non-synthetic 
medium (Culture 2), although the maximal growth reached in the two 
media is approximately the same when the same quantity of carbon dioxide 
is supplied. The residual carbon dioxide is usually of the order of 50 per 
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Fic. 1. The influence of carbon dioxide concentration on growth in the non-syn- 
thetic medium. Each point was obtained with a different 35 ml. culture and a 1 per 
cent inoculum. The abscissa refers to the initial K,CO; concentration and the 
ordinate gives the maximal optical density reached in each culture. 
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Fic. 2. The relation between carbon dioxide uptake and growth in the non-syn- 
thetic medium. Each point was obtained with a different 35 ml. culture. Growth 
was limited variously by employing a limiting concentration of acetate (@), of car- 
bonate (), or by analyzing cultures before maximal growth had been reached (O). 

Fig. 3. The influence of carbon dioxide concentration on growth in the synthetic 
medium. Each culture contained 10 ml. of medium and 1 ml. of inoculum grown in 
the synthetic medium with a limiting carbon dioxide level. The abscissa gives the 
concentration of added K.CO; and the ordinate gives the maximal optical density 
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cent of that initially present in the non-synthetic medium as compared to 
5 to 10 per cent in the synthetic medium, in spite of the fact that avail. 
ability of carbon dioxide is ostensibly limiting growth in both media. 


TABLE I 
Fixation of COs by Growing Cultures 
Culture volume, 35 ml. A 1 percent (Cultures 1 and 2) or a 10 per cent (Cultures 
3 and 4) inoculum, grown in the corresponding medium, was used. Cultures 1, 2. 
and 3 were analyzed soon after maximal growth was reached; Culture 4 when growth 
reached half the expected n m: aximal level. 


Culture 1 | Culture 2 Culture 3 ! Culture 4 
Non-synthetic medium | Synthetic medium 
65 | 72 | 56 32 
Optical density.......... 0.063 0.0315 
initial | | 
46 | 49.7 46.7 
Specific activity, c.p.m. | | 
1614 23.2 1196 (1204 
final | | 
eee 33 23.5 0 24.6 
Specific activity, | 
per pM . 670 8.6 1084 
Ratio, final to initial spe-_ | | 
cific activity of 0.41 0.36 | | 0.84 
Carbon of cells | | 
Amount, uwM........... 140 70.5 92.9 
Specific activity, c.p.m. | 
| 171 2.8 327 339 
Material soluble in me- | 
dium (exclusive of | 
Total activity, c.p.m.— 
x 10°%.. ....| & 2.2 | 0.60 21.5 | 
Volatile 
tion | 
Total c.p.m. | | 
xX 1073... | 2.5 + 0.5 


Total % recovery of cu. 85 | 93 : 


* Not determined. 


The data on the specific activities of the carbon dioxide and the cellular 
carbon permit calculation of the percentage of the cellular carbon derived 
from carbon dioxide. With the non-synthetic medium (Table I, Culture 
1), a value of 15 per cent is obtained by dividing the specific activity of 
the cellular carbon (171 c.p.m. per uM) by the average specific activity of 
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the carbon dioxide ((1614 + 670)/2 = 1142 ¢.p.m. per um). With the syn- 
thetic medium (Table I, Culture 4), the corresponding value is in excess of 
9% per cent. Evidently carbon dioxide utilization for cellular synthesis 
is markedly reduced by components of the yeast extract. 

Comparison of the specific activities of the initial and final carbon dioxide 
in the non-synthetic (Cultures | and 2) and synthetic media (Culture 4) 
shows a much greater dilution of the labeled carbon dioxide in the non- 
synthetic medium. ‘The formation of approximately 72 um of unlabeled 
earbon dioxide would be required to account for the dilution observed in 
Culture 1, compared to 26 um for Culture 4 after correction for the differ- 


TaBLe II 
Recovery in Residual Carbonate and Cellular Material of C'* Derived from 
Acetate-1-C'* during Ethanol-Acetate Fermentation 
The culture initially contained 4 um of acetate and 90 um of bicarbonate in 35 
ml, of inoculated synthetic medium. 


Specific activity | Total activity | C recovery 
c.p.m. XK 10°38 per cent 
| 


Initial acetate-1-C'* | 
Carboxyl carbon............ 4.65 18,600 (100) 
Final acetate 
Average of both carbon atoms 


(wet combustion)............. | 1.33 
Carboxyl carbon................| 2.67 
Residual carbonate................ 0.038 | 1.63 0.0088 
0.24 


0.41 | 45 


ence in cell yield. The components of the yeast extract responsible for 
the apparent production of carbon dioxide have not been identified. 

Growth Experiment with Acetate-1-C'*—Table II shows that less than 1 
per cent of the carboxyl group of acetate is converted to carbon dioxide. 
The small amount of labeled carbon dioxide probably was formed during 
synthetic reactions. The low incorporation of C" into cellular carbon (0.24 
per cent) is the result of the fact that acetate is used mainly for the syn- 
thesis of higher fatty acids (2). Comparison of the specific activity of the 
cellular carbon with the average specific activity of the acetate carboxy] 
carbon indicates that about 11 per cent of the cellular carbon is derived 
from this source. 

The C™ recovered in the residual carbon dioxide in this experiment was 
only sufficient to account for the formation of 0.45 um of carbon dioxide, 
based on the average of the initial and final specific activities of the ace- 
tate carboxyl carbon (3.66 X 10° ¢.p.m. per um of C), far too little to ac- 
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count for the observed dilution of labeled carbon dioxide in Culture 4 of 
Table I. The source of the unlabeled carbon dioxide formed in that 
experiment thus remains uncertain. 

Distribution of C'* among Amino Acids Derived from Cultures with C0, 
or Acetate-1-C'—Carbon derived from and acetate-1-C™ is present 
in all the amino acids obtained by acid hydrolysis of washed bacterial cells 
(Table III). Carbon dioxide, in synthetic medium, appears to be an im- 
portant precursor of all but leucine. Exactly comparable quantitative in- 
formation on the incorporation of carbon dioxide into amino acids by other 
heterotrophic bacteria is not available. Escherichia coli (15) grown on 
glucose in the presence of CO, incorporates most of the C™ in aspartic 
and glutamic acids, arginine, lysine, proline, and threonine. Apparently 
little carbon dioxide is fixed in alanine, serine, or glycine, possibly reflect- 
ing the ample supply of preformed 3-carbon units available from glucose. 
When C. kluyveri is grown in the absence of preformed 3-carbon units in 
the synthetic medium with C™QO., about 19 per cent of the C" fixed is in 
the three latter amino acids, indicating the possible synthesis of 3-carbon 
units by a condensation of a 2-carbon unit with carbon dioxide. Data 
obtained with the photosynthetic bacterium, Rhodospirillum rubrum, 
grown on ethanol (16) or acetate (17, 18) with C“O., very closely resemble 
those for C. kluyveri in this respect. 

The marked incorporation of carbon dioxide carbon in valine and iso- 

leucine indicates that a C,; unit may enter into their biosynthesis by C. 
kluyveri, in contrast to their apparent formation from C2 compounds in 
Neurospora crassa (19). The very small incorporation: of carbon dioxide 
carbon in leucine, and the heavy incorporation of acetate carboxyl] carbon, 
suggest that C. kluyveri, like R. rubrum, E. colt, and Torulopsis utilis (18, 
20, 21), forms this compound from Cy, units. 
_ The supernatant medium of a synthetic medium culture contained at 
least forty labeled substances, exclusive of volatile fatty acids. In the 
non-synthetic medium, however, only ten radioactive substances were de- 
tected. The most strongly labeled of these ten compounds were identified 
as alanine, glutamate, valine, and aspartate. The data of Table III, Cul- 
ture 2, show that the distribution patterns of C' among these four amino 
acids in the cells and in the supernatant medium are quite different. For 
example, the ratio of C" in alanine to that in glutamate is approximately 
unity in the cells, whereas in the supernatant medium it is about 3. 

The presence of yeast extract (Difco) causes a striking change in the dis- 
tribution pattern of C“ among the amino acids. This is undoubtedly an 
effect of amino acids present in the yeast extract (15). The quantity of 
added yeast extract contained more than sufficient amino acids to form the 
cellular material, with the exception of tyrosine and possibly cysteine. 
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When the labeled amino acids from the cells and the supernatant medium 
are considered together, it is found that a higher percentage of the avail- 
able C4 was fixed in the amino acids alanine, glutamic acid, and valine 
in the non-synthetic medium than in the synthetic medium. For example, 
alanine accounted for 20.9 per cent of the available C™ in the non-synthetic 


TaBLeE III 


Labeled Amino Acids from Acid Hydrolysates of Cells Grown in Presence 
of or Acetate-1-C'4 


Culture 1 was grown in the synthetic medium with 70 um of CO, of specific ac- 
tivity 7.71 X 10° ¢.p.m. per wm and a 15 per cent inoculum. Culture 2 was grown in 
the non-synthetic medium to which were added 60 um of CO: of specific activity 
43 X 10° c.p.m. per uM and a 10 per cent inoculum. The experimental conditions 
for Culture 3, containing CH;C“%OONa, are given in Table II. 


culture, 35 ml. 


Volume of each 


Per cent of added C™ 


Culture 1 Culture 2 Culture 3 
Amino acid Synthetic medium, | Non-synthetic medium, | Synthetic medium, 
CHO: CH3C*OONa 
Cells on |) Cells 
7.2 3.5 0.8 0.0112 
3.2 3.4 5.6 0.016 
3 0.18 0.0056 
1.9 1.2 0.0056 
sulfoxide........... 0.48 
Phenylalanine................. 3.1 0.03 0.012 
1.3 0.25 0.01 
0.4 
0.08 0.03 0.036 
Total recovered in amino 
39.92 15.78 32.8* 0.1904 
Total in fraction............. 50 22 40 0.24 


* This figure includes only C4 in the most strongly labeled amino acids. 
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and 3.2 per cent in the synthetic medium. Although the radioactive ma. 
terials in the cell-free synthetic medium were not identified, there were no 
spots on the chromatogram of that material corresponding to these three 
amino acids which contained sufficient radioactivity to reverse the rela- 
tionships indicated above. The fixation of C™ in the other amino acids 
was depressed in the non-synthetic medium as compared to that in the 
synthetic medium. The greatly reduced labeling of phenylalanine in the 
yeast extract medium, together with the continued labeling of tyrosine and 
the absence of the latter from the yeast extract, fn yeh that, unlike cer- 
tain animal tissues (22) and possibly F’. coli (23), C. kluyveri may lack the 
ability to convert phenylalanine to tyrosine. 

Incorporation of C“%O, in Volatile Fatty Acids—In the experiments de- 
scribed in Table I no C'™ was detected in the volatile fatty acid fraction 
from the non-synthetic medium, whereas this fraction from the synthetic 
medium contained C'. However, in cultures grown with C™QOs. of higher 
specific activity for isolation of cellular amino acids, it was found that the 
fatty acids became labeled in both media. Acetate, butyrate, and cap- 
roate together accounted for 2 per cent of the initial C“O, in the synthetic 
medium, and much less in the non-synthetic. Acetate isolated from the 
synthetic medium contained a significant amount of C'™ from C™QO, only 
in the methyl carbon atom, which was labeled to the extent of 200 ¢.p.m. 
per um of C, as compared with 7.71 & 10° c.p.m. per uM of C for the initial 
C4O,. The volatile fatty acid fraction from both media contained other 
compounds labeled more heavily than acetic, butyric, and caproic acids. 
Labeled lactic acid was identified by paper chromatography and radio- 
autography, and at least one other heavily labeled, unidentified compound 
was present. A small amount of labeled formic acid was observed, but the 
possibility that this was an artifact arising from non-enzymatic decomposi- 
tion of lactic acid (24, 25) was not excluded. 


SUMMARY 


1. The growth of Clostridium kluyveri in an ethanol-acetate medium has 
been shown to be proportional to carbon dioxide concentration up to about 
0.003 mM. Growth is also proportional to carbon dioxide uptake. 

2. The utilization of C“O, and acetate-1-C"™ for cell synthesis has been 
examined. In synthetic medium more than 25 per cent of the cellular 
carbon is derived from carbon dioxide, and 11 per cent from acetate carboxyl 
carbon. During growth a small amount of carbon dioxide carbon is in- 
corporated in the methyl carbon of acetate, and a very small amount of 
acetate carboxyl carbon appears as carbon dioxide. 

3. Amino acids have been separated and identified from the hydrolysates 
of cells grown with CO, or acetate-1-C™ as labeled substrate. When 


a 


| 
( 


ve ma- 
ere no 
three 
> rela- 
acids 
in the 
In the 
and 
cer- 
*k the 


ts de- 
action 
thetic 
Ligher 
it. the 
eap- 
thetic 
n the 
only 
p.m. 
initial 
other 
acids. 
‘adio- 
ound 
it. the 


\posi- 


N. TOMLINSON AND H. A. BARKER d95 


C40, is the substrate, seventeen amino acids are labeled, and carbon di- 
oxide carbon appears to be an important precursor of all but leucine. Ace- 
tate carboxyl carbon is a precursor of at least fifteen amino acids. 

4, The addition of yeast extract to the medium results in an increased 
incorporation of carbon dioxide in alanine, glutamic acid, and valine over 
that observed to occur in its absence, and in a decreased incorporation in 
other amino acids, particularly threonine, isoleucine, phenylalanine, serine, 
and glycine. 
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CARBON DIOXIDE AND ACETATE UTILIZATION BY 
CLOSTRIDIUM KLUYVERI 


II. SYNTHESIS OF AMINO ACIDS* 


By N. TOMLINSONT 


(From the Department of Plant Biochemistry, University of California, 
Berkeley, California) 


(Received for publication, October 7, 1953) 


The isolation and identification of labeled amino acids from the acid 
hydrolysates of cells of Clostridiwm kluyvert grown in synthetic medium 
containing ethanol, acetate, and CO, as carbon sources, and with C“O, or 
acetate-1-C' as labeled substrate, have been reported previously (28). 
Alanine, serine, glycine, threonine, and aspartic acid so obtained have been 
degraded to determine the position of the C™ in each compound, and the 
results are reported in the present paper. 


Methods and Materials 


Degradation of Amino Acids—Before the degradation procedures de- 
scribed below were carried out, suitable amounts of unlabeled carrier were 
added to the labeled compounds. The carrier was recrystallized twice, 
once from water with ethanol, then from water with acetone, and was 
examined for purity by paper chromatography before being used. After 
the carrier was added to a labeled compound, it was recrystallized twice 
more from water by the addition of acetone, then dissolved in water and 
dried on the steam bath. Samples from each crystallization were con- 
verted to COs, which was trapped as barium carbonate. The purity of 
the labeled amino acid was considered to be satisfactory if the second crys- 
tallization did not cause any significant decrease in specific activity. 

The specific activity of the separate carbon atoms was determined as 
barium carbonate, except when the method of degradation yielded a car- 
bon atom as formaldehyde. When this occurred, the dimedon derivative 
of formaldehyde was prepared and counted as such, the self-absorption 
correction being the same as that used for barium carbonate (34). The 
barium carbonate first obtained in the degradation procedures was always 
decomposed with freshly boiled lactic acid and the CO, released was again 
converted to barium carbonate prior to plating. 

Glycine was degraded with ninhydrin by the method of Van Slyke et al. 


*This work was supported in part by a research grant from the United States 
Public Health Service. 
t Present address, Laboratory of Plant Pathology, Summerland, British Columbia. 
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(33). The carbon dioxide liberated from the carboxyl group was trapped 
in barium hydroxide solution, and the residual formaldehyde was distilled 
into 0.4 per cent dimedon solution (34). 

Ninhydrin degradation was used to obtain the carboxyl carbon of alanine 
as barium carbonate (33). The a- and B-carbon atoms were converted to 
acetate (14), which was degraded by pyrolysis (3). 

Serine was degraded by the periodate method of Sakami (23) except that 
the formaldehyde was plated as the dimedon derivative. The specific ac- 
tivity of the carboxyl carbon was checked by ninhydrin degradation. 

Ninhydrin degradation (33) was used to obtain the combined carbon of 
the two carboxy! groups of aspartic acid, and the chloramine-T method of 
Ehrensvard et al. (10) was used for the determination of the 2 carbon atoms 
separately. The hypochlorite method of Langheld (18) was used to obtain 
the a- and 6-carbon atoms as acetaldehyde. The validity of this method 
has been checked by Ehrensvard ef al. (10). The acetaldehyde was oxi- 
dized to acetic acid with acid permanganate and degraded by pyrolysis (3), 

Threonine was degraded by the periodate method (23). The acetal- 
dehyde formed from C-3 and C-4 was distilled from the neutral reaction 
mixture into an ice-cooled receiver and oxidized to acetic acid with acid 
permanganate. The acetic acid was steam-distilled, purified by passage 
through a silica gel column (12), checked for purity and identity by paper 
chromatography (17), and degraded by the method of Phares (21). 

Determination of Specific Activity of Labeled Amino Acids—The colori- 
metric method of Troll and Cannan (29) was used to determine the quan- 
tity of the amino acids in solutions of known C" content and a correction 
was made by the method of Thompson et al. (27) for interfering ninhydrin- 
positive material eluted from the chromatographic sheets with the amino 
acids. The accuracy of the determinations is +10 per cent. 

Assay of Radioactivity —This was conducted as described previously (28). 
The standard error of the count was less than +3 per cent unless otherwise 
indicated in Tables I and IT. 


RESULTS AND DISCUSSION 


The data obtained by degradation of the labeled amino acids, plus un- 
labeled carrier, are given in Table I. When CO, was the labeled sub- 
strate, the C™ found in alanine, glycine, and aspartic acid was located 
almost exclusively in the carboxyl groups, the two carboxyl groups of 
aspartic acid being equally labeled. The larger portion of the C"™ in serine 
and threonine was found in their carboxyl groups, but about 8 per cent 
of the C™ of serine was in the B-carbon atom, and about 42 per cent of 
the C™ of threonine was in the y-carbon atom. When acetate-1-C' was 
the labeled substrate, the C'™ was found nearly exclusively in the a-carbon 
atom of each of the compounds degraded. 
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In Table II are recorded the actual specific activities of the labeled amino 
acids synthesized in the presence of C“O.. The data of this table, when 
considered with those of Table I, indicate that the carboxyl carbon atoms 


TABLE [| 

Distribution of C'4 in Derived Alanine, Serine, Glycine, Aspartic Acid, and Threonine 
from or Acetate-1-C" 

The amino acids are from cells of C. kluyverit grown in synthetic medium with 

ethanol and acetate as the organic carbon sources (28). Unlabeled carrier was 

added to each compound prior to its degradation. 


Specific activity of derived from 


source indicate 
Amino acid Carbon atom REE 
c.p.m. per mg. | c.p.m. per mg. 
Alanine Totalt 590 
COOH 1787 0.3 + 0.1 
CHNH: 0.5 17.4 
CH; 2.3 0.5 + 0.3 
Serine Total 245 4.3 + 0.2 
COOH 673 0.4 + 0.1 
CHNH:, 1.3 + 0.1 12.0 
CH.OH 61 0.5 + 0.3 
Glycine Total 517 8.1 
COOH 1038 0.4+ 0.1 
CH.NH, <0.4 15.1 
Aspartie acid Total 533 3.2 
Combined COOH C 1066 0.4 + 0.1 
COOH 1010 
CHNH, 0.6 + 0.5 11.8 + 0.4 
CH: 2.2 + 0.5 0.5 + 0.3 
COOH 1054 
Threonine Total 278 3.5 
COOH 618 0.4 + 0.1 
| CHOH | 1.1 0.5 + 0.1 
CH; | 465 0.7 + 0.2 


* After dilution by addition of carrier amino acids. 
t Determined on barium carbonate obtained by complete oxidation. 


of each of these amino acids (specific activity 6.6 to 7.6 X 10° c.p.m. per 
uM) must have originated mainly, if not exclusively, from carbon dioxide 
(initial specific activity 7.71 X 105 ¢.p.m. per uM). It should be noted that 
the average specific activity of the carbon dioxide during the fermentation 
was about 5 per cent lower than the initial specific activity (28). 

The formation of a 3-carbon unit from acetate, ora derivative thereof, and 
carbon dioxide has been investigated in cell-free bacterial systems, and 
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more than one mechanism may be involved (22, 32). In Clostridium 
butylicum (35) carbon dioxide exchanges with the carboxyl group of pyr. 
vate. Another condensation reaction, brought about by Escherichia coli 
extracts, requires the preliminary reduction of carbon dioxide to formic 
acid before it is incorporated in pyruvate (31). Although the mechanism 
of the reaction in C. kluyvert is unknown, the present data indicate the 
net production of a 3-carbon unit from carbon dioxide and acetate, or a 2- 
carbon unit derived from acetate. 

Alanine and serine appear to arise from the same 3-carbon unit. The 
difference in labeling of the two compounds may result from exchange of 


TABLE II 


Specific Activity of Amino Acids Isolated from Acid Hydrolysate 
of Cells Grown in Presence of COs 
The isolation and identification of these amino acids have been described pre- 
viously (28). The cells from which they were obtained were grown in 35 ml. of 
synthetic ethanol-acetate medium to which had been added 70 um of C-labeled 
carbonate of specific activity 7.71 & 105 ¢.p.m. per um and a 15 per cent. inoculum 
grown in the same medium. The carbonate added with the inoculum diluted the 
labeled carbonate by 1 to 2 per cent. 


Amino acid Specific activity* 


C.p.m. perpm X 10-8 


* Before the addition of unlabeled carrier amino acids. 


the 8-carbon of serine with a 1l-carbon unit. A number of investigators 
(1, 23, 25) have shown, in the rat, that serine can be converted reversibly 
to glycine plus formate. It also is possible that formaldehyde or a deriva- 
tive thereof may be the l-carbon intermediate (24). Although it has not 
been demonstrated that C. kluyveri carries out the conversion of carbon 
dioxide to formate, this is known to occur in other bacteria (36). 

In the preceding paper of this series (28) it was shown that C'Oz is con- 
verted to the methyl carbon atom of acetate to the extent of 200 c.p.m. 
per um of C with no significant count in the carboxyl carbon atom. The 
total C™ recovered in the volatile fatty acids was 1 X 10® c.p.m. in this 
culture. It has been shown recently that threonine is a good source of 
glycine in the rat (6) and is split to glycine and acetate (19). The label- 
ing of threonine in the present experiments is such that it would require 
the splitting of only about 2 um to account for the entire labeling of the 
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fatty acids. This explanation is attractive and is consistent with the data, 


- but of course other possible reactions are not excluded. 


Two possible explanations for the observed labeling of threonine are sug- 
gested. The first is the condensation of a 3-carbon unit, such as pyruvate, 
with a 1-carbon unit which originated for the most part in carbon dioxide, 
but which was diluted to the extent of 25 per cent from some other source, 
for example as a result of the production of a l-carbon unit in the course 
of the formation of glycine from serine. The work of Hift and Mahler 
(15) has demonstrated the presence in beef liver of an enzyme which con- 
denses formaldehyde and pyruvate to yield a-keto-y-hydroxybutyrate. 
While no metabolic réle has been ascribed to this compound, it might be 
converted to a precursor of threonine. In support of this idea is the find- 
ing of Teas e¢ al. (26) that homoserine can replace threonine for growth of 
a Neurospora mutant. 

Serine itself as a precursor of threonine appears to be ruled out by the 
lack of labeling of the B-carbon of threonine. 

A second possible source of threonine has been suggested by Ehrensvird 
etal. (10). They consider that threonine may originate from aspartic acid 
via homoserine, in view of the above mentioned finding of Teas et al. (26). 
However, in this case the y-carbon and the carboxyl carbon should have 
equal specific activity, and it thus would be necessary to account for a 
reduction in the specific activity of the y-carbon. This cannot occur by a 
reversal of the split of threonine to acetate and glycine (11), since C. kluy- 
veri does not incorporate acetate carbon into the B- and y-carbon atoms of 
threonine. 

It is possible that the dilution may occur by formation of a portion of 
the threonine via the first mechanism. 

The synthesis of aspartic acid with the carboxyls both formed from 
carbon dioxide and the a-carbon from the carboxyl of acetate may be ac- 
complished by several known enzymatic reactions. The preliminary for- 
mation of a 3-carbon unit from acetate plus carbon dioxide has been dis- 
cussed. The formation of a dicarboxylic acid from this 3-carbon unit or 
one derived from it, plus carbon dioxide, may occur by a number of possible 
mechanisms (2, 16, 20, 30, 32). The 4-carbon compound first arising in 
any of these reactions could be converted to oxalacetate and then to as- 
partic acid by transamination (5, 13). Any extensive equilibration of the 


aspartic acid precursor with a symmetrical compound such as fumaric 
acid is precluded by the virtual absence of acetate carboxyl carbon from 
the 8 position of aspartate. 

The utilization of carbon dioxide and acetate by C. kluyveri and by the 
photosynthetic Rhodospirillum rubrum (7, 8) in the synthesis of the five 
amino acids considered in this paper appears to be very similar. The 
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observable differences probably arise from the ability of 2 rubrum to oxi. 
dize acetate to carbon dioxide, an ability which C. kluy e:i lacks (4, 28), 
On the other hand, C. kluyveri differs markedly from F. coli (9) and Tory. 
lopsis utilis (10). When the two latter organisms are grown aerobically on 
acetate as sole carbon source, the a- and 8-carbon atoms of the five amino 
acids are formed from the methyl carbon atom of acetate and the carboxy! 
carbon atoms are derived from both the carboxyl and methyl] carbons of 
acetate in about the same ratio as that found in the respiratory carbon 
dioxide. 


SUMMARY 


1. Alanine, serine, glycine, aspartic acid, and threonine obtained from 
the acid hydrolysate of cells of Clostridium kluyvert grown in a synthetic 
medium with ethanol, acetate, and carbon dioxide as carbon sources, and 
with either C“O. or acetate-1-C™ as labeled substrates, have been de- 
graded to determine the distribution of C". 

2. When CO, was the labeled substrate, it was shown that the car- 
boxyl carbon atoms of each of the five amino acids was derived mainly, 
if not exclusively, from carbon dioxide. 8 per cent of the total C¥ in 
serine was found in the 8-carbon atom, and 42 per cent of the C" in threo- 
nine was in the y-carbon atom. The remainder of the carbon atoms of 
these and the other amino acids contained only negligible amounts of C". 

3. When acetate-1-C™ was the labeled substrate, the C™ found in the 
amino acids was almost all contained in their a-carbon atoms. 

4. The significance of these findings in relation to possible synthetic 
mechanisms is discussed. 


The author wishes to thank Dr. H. A. Barker for many stimulating and 
‘helpful discussions during the course of the work and for his criticism of 
the manuscript. 
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CARBON DIOXIDE AND ACETATE UTILIZATION BY 
CLOSTRIDIUM KLUYVERI 


Ill. A NEW PATH OF GLUTAMIC ACID SYNTHESIS* 


By N. TOMLINSONT 


(From the Department of Plant Biochemistry, University of California, 
Berkeley, California) 


(Received for publication, October 7, 1953) 


In Paper I of this series (15) the isolation and identification of labeled 
amino acids from cells of Clostridium kluyvert, grown in a synthetic medium 
containing C“O» or acetate-1-C™, have been described. 

The distribution of C™ in the isolated glutamic acid has been determined, 
and the results are reported in the present paper. The labeling found in 
glutamic acid is not in accordance with that expected if its carbon skeleton 
was synthesized through the presently accepted reactions of the Krebs 
cycle (13). The partial degradation of proline indicates a close relation- 
ship between the synthesis of glutamic acid and proline in C. kluyvert. 


Methods and Materials 


Degradation Procedures—The addition of unlabeled carrier to the labeled 
compounds to be degraded and their subsequent recrystallization prior to 
degradation were carried out as previously described (14). Proline was 
recrystallized from water by the addition of acetone. 

The individual carbon atoms of the compounds were obtained as barium 
carbonate and were counted as such. 

Glutamic acid was degraded by the method of Mosbach et al. (11). The 
volatile fatty acids formed at various stages of the procedure were puri- 
fied by passage through a silica gel column (6), and their purity and iden- 
tity were checked by paper chromatography (8). 

Ninhydrin degradation (16) and wet combustion (15) were utilized in 
the partial degradation of proline. 

Assay of Radioactivity and Measurement of Specific Activity of Labeled 
Amino Acids—These operations were conducted as described previously 
(14, 15). 

RESULTS AND DISCUSSION 


In Table I are presented the data obtained by the degradation procedure. 
About 90 per cent of the total C™ of the glutamic acid formed in the pres- 
* This work was supported in part by a research grant from the United States 


Publie Health Service. 
t Present address, Laboratory of Plant Pathology, Summerland, British Columbia. 
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ence of CO, was in the y-carboxyl carbon atom, 7 per cent in the @-car. 
boxyl carbon atom, and the remainder in the a-carbon atom. When ace. 
tate-1-C' was the labeled substrate, the C™ in the glutamic acid was about 
equally divided between the a-carboxyl carbon and the 6-carbon. The 
partial degradation of proline revealed that the relationship between the 
C™ content of its carboxyl carbon and that of the entire molecule was the 
same as that between the a-carboxyl carbon and the total carbon of glu- 
tamic acid. These findings indicate that in C. klwyveri, as in Escherichia 
coli (17), the biosynthetic pathways of these compounds are closely re. 
lated. 


TABLE 


Cl Distribution in Glutamic Acid and Proline Synthesized from COs. or 
Acetate-1-C'* As Labeled Substrates 
The isolation and identification of these compounds from cells of C. kluyveri, 
grown in synthetic medium with ethanol and acetate as the organic carbon source, 
have been described (15). Unlabeled carrier was added to each compound prior to 
its degradation. 


| 


Amino acid | Carbon atom | | 
| | c.p.m. per mg. C.p.m. per mg. 
Glutamic acid | Total by wet combustion | 69 2.8 
| 
CHNH, 7.9 0340.1 
| CH, | 0 «6.0 
| 0.6 + 0.05 
COOH 313 + 0.01 
Proline | Total by wet combustion 91 | 4.15 
Carboxyl carbon | 31 


The corrected (14) specific activity of the undiluted glutamic acid, which 
was synthesized in the presence of C“O»s, was 6.5 X 10° ¢.p.m. per uM, as 
compared with an initial specific activity of the C“O:2 of 7.71 * 10° ¢.p.m. 
per uM. Thus the y-carboxyl carbon atom must have originated mainly, 
if not exclusively, from carbon dioxide. 

The data regarding the labeling of glutamic acid are not in agreement 
with presently accepted schemes for the synthesis of its carbon skeleton. 
a-Ketoglutaric acid is usually considered to be the immediate precursor 
of glutamic acid (19), and this compound is formed in aerobic organisms 
by the operation of part of the Krebs cycle (9). In the absence of re- 
cycling, labeled carbon dioxide has heretofore given rise to label only in 
the a-carboxyl of a-ketoglutarate (even when, as in C. kluyveri, it is also 
the source of the carboxyl carbon of pyruvate), and carboxyl-labeled ace- 
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tate only to label in the y-carboxyl of a-ketoglutarate. Recycling would 
result in the incorporation of acetate carboxyl carbon in the a-carboxy] 
of a-ketoglutarate, and hence in the a-carboxy] of glutamic acid, but would 
not allow labeling from carbon dioxide in any other carbon atom of a- 
ketoglutarate (19). Reversal of the cycle from oxalacetate through suc- 
cinate to a-ketoglutarate could lead to labeling from carbon dioxide in 
other carbon atoms of a-ketoglutarate, but would still require the forma- 
tion of the a-carboxyl carbon atom of a-ketoglutarate from carbon di- 
oxide. 

The present data, while not consistent with the operation of the usual 
Krebs cycle, may be explained most simply by assuming that a similar 
series of reactions occurs in C. kluyveri, but that the double bond produced 
in the aconitase reaction is formed between the central carbon atom of 
cis-aconitic acid and the carbon atom originating from the methyl group 
of acetate, rather than between the central carbon atom and the methyl- 
ene carbon derived from oxalacetate. This change in the position of the 
double bond would result in the observed reversal of the positions of the 
carbon atoms derived from carbon dioxide and acetate in the glutamic 
acid, as compared with the usual tricarboxylic acid cycle. That such a 
reaction sequence may not necessarily be confined to C. kluyveri is indi- 
cated by the findings of Corzo and Tatum (2) regarding the biosynthesis 
of itaconic acid by a mold, which may be satisfactorily explained in a simi- 
lar manner. 

Other explanations of the observed labeling of glutamic acid are possible. 
For example the carboxylation of acetoacetate, or some closely related 4- 
carbon compound originating from the coupling of 2 acetate units, could 
give rise to the same labeling, providing the 6-keto acid formed were con- 
verted to a-ketoglutarate. Fixation of carbon dioxide into the y-carboxy] 
group of glutamic acid, through a primary fixation in acetoacetate, followed 
by a series of reactions such as those postulated by Plaut and Lardy (12) 
to explain the appearance of labeled carbon from carbon dioxide in the 
methylene carbon of the succinic acid moiety of glutamic acid, appears to 
be excluded in C. kluyveri, as this reaction sequence involves the inter- 
mediate formation of carboxyl-labeled acetate, which is not incorporated 
into glutamate in the necessary manner. 

The small labeling from COs: in the a-carboxyl carbon atom of glutamic 
acid may be attributed to a limited occurrence of the usual aconitase re- 
action or to a small reversal of the a-ketoglutarate dehydrogenase reaction 
(7). The slight labeling in the a-carbon of glutamate can likewise be ex- 
plained by reversal of the a-ketoglutarate dehydrogenase reaction. 

The information presented in this and the preceding paper of this series 
on the distribution of ©", derived from labeled carbon dioxide and acetate, 
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in amino acids synthesized by C. kluyvert allows some general conclusions 
concerning the possible occurrence of the Krebs cycle reactions in this 
organism. If it is assumed that glutamate is formed by reductive amina- 
tion of a-ketoglutarate, the labeling in glutamate indicates that a-keto. 
glutarate may be formed by the Krebs cycle reactions in which the steric 
specificity of the aconitase is the opposite of that previously observed. 
The further conversion of a-ketoglutarate to oxalacetate and aspartate 
appears to be excluded as an important pathway even for synthetic pur- 


poses (10) by the very small conversion of the acetate carboxyl carbon to | 


carbon dioxide, and by the distribution of C™ in aspartate derived from 
C'#-COs and acetate-1-C". This is apparent from the following considera- 
tions: The labeling in glutamic acid formed in the presence of acetate-1-C¥ 
indicates that the a-carboxyl carbon and the 8-carbon of a-ketoglutarate 
are derived from the carboxyl carbon of acetate. Therefore, the oxida- 
tion of a-ketoglutarate to succinate should give labeled carbon dioxide de- 
rived from the acetate carboxyl group. However, the recovery of C¥ in 
the CO, (15) is insufficient to account for the formation of the aspartic 
acid in the cells by this reaction. Furthermore, if aspartate were formed 
via free succinate, both the a- and 8-carbons of aspartate should be derived 
from the acetate carboxyl, and the two carboxyl groups of aspartate should 
be derived equally from carbon dioxide and the methyl carbon of acetate. 
If the succinate and fumarate intermediates were asymmetrical by virtue 
of combination of one carboxyl group with a cofactor or enzyme, one car- 
boxyl of aspartate would be derived from carbon dioxide and the other 
from the methyl carbon of acetate. The observed labeling of aspartate 
is inconsistent with either of these possibilities, since both carboxyl groups 
are derived almost exclusively from carbon dioxide, and the a- and 6- 
carbon atoms originate from the carboxyl and methy] groups of acetate, 
respectively. All the evidence indicates that pyruvate and oxalacetate, 
the precursors of alanine and aspartate, are formed mainly, if not exclu- 
sively, by C2-C,; and C3-C; condensation reactions involving carbon dioxide. 
In contrast to the present findings with C. kluyveri, the data for the 
synthesis of glutamic acid by F£. coli (1, 4), Torulopsis utilis (5), Saccharo- 
myces cerevisiae (18), and Rhodospirillum rubrum (3) are in agreement with 
the occurrence of the conventional Krebs cycle reactions in these micro- 
organisms. 


SUMMARY 


1. Glutamic acid, isolated from the acid hydrolysate of cells of Clostrid- 
tum kluyveri grown in a synthetic medium with ethanol, acetate, and car- 
bon dioxide as carbon sources, and with either C“Os or acetate-1-C"™ as 
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labeled substrates, has been degraded and the C™ content of each carbon 
atom determined. 


2. With CO, as the labeled substrate, 90 per cent of the C" in the glu- 


tamic acid was located in the y-carboxyl carbon atom, 7 per cent in the 
g-earboxyl carbon atom, and the remainder in the a-carbon atom. With 
acetate-1-C' as the labeled substrate, the C' was found equally distrib- 
uted between the a-carboxyl carbon and the 8-carbon of glutamic acid. 


3. The labeling of glutamic acid is such that its precursor could not have 


been formed via the usual Krebs cycle reactions. Possible explanations 
of the observed labeling are discussed, one involving a modification in the 
aconitase reaction. 


4. The partial degradation of proline indicates a close relationship be- 


tween its biosynthesis by C. kluyvert and that of glutamic acid. 


The author wishes to thank Dr. H. A. Barker for many stimulating and 


helpful discussions during the course of the work and for his criticism of 
the manuscript. 
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THE FATE OF THIAMINE-S® IN THE RAT* 


By PATRICIA T. McCARTHY, LEOPOLD R. CERECEDO, 
anp ELLIS V. BROWN 


(From the Department of Chemistry, Fordham University, New York, New York) 
(Received for publication, November 13, 1953) 


Relatively little is known about the actual fate of the thiamine molecule 
itself and of how it is metabolized in the mammalian body. Until the 
advent of radioactive isotope techniques, the small amount of thiamine 
- involved in a metabolism study of this vitamin rendered such an investi- 
gation almost impossible. 

In the present study, of which this is a preliminary report, we wished 
to investigate the fate of the thiamine molecule labeled with radioactive 
sulfur in the rat. The rat was selected as the subject of this investigation 
because of the rapidity with which it can be depleted of its stores of thia- 
mine and because its status with regard to this vitamin has been so thor- 
oughly investigated. Furthermore, since it has been shown that when 
thiamine is ingested or injected the total recovery in the excreta never 
equals the amount administered, we wished to learn something about the 
deposition of the administered thiamine in various organs. Finally, be- 
cause the use of radioisotopes offers an attractive technique in a study of 
the mode of action of vitamin inhibitors, an exploratory and preliminary 
experiment is reported here involving one aspect of the oxythiamine- 
thiamine relationship. 


EXPERIMENTAL 
Materials and Methods 


S* obtained in the form of labeled thiourea was used in the synthesis of 
thiamine Br-HBr. The synthesis, performed by Raymond P. Kurkjy, 
was carried out according to the procedure of Williams and Ronzio (1). 
In this synthesis, thiourea-S** was permitted to react with y-chloro-y- 
acetopropanol. The aminothiazole produced was isolated as the hydro- 
chloride, dissolved in concentrated HCl, and maintained at —5° while 
NaNO: was added. The diazonium salt formed was reduced by 32 per 
cent hypophosphorous acid. Condensation of the S**-labeled thiazole and 
2-methyl-4-amino-5-bromomethylpyrimidine was carried out in a butanol 
medium in an oil bath maintained at 125°. 


* This investigation was supported in part by the Atomic Energy Commission, 
contract No. AT(30-1)1056. 
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Calculated. C 33.81, H 4.40, S 7.52 
Found. 33.59, 4.40, 7.54! 


The first aspect of the biological work involved the standardization of the 
experimental animals used. Greater uniformity among the various anj- 
mals and greater reproducibility in the individual animals themselves were 
obtained on young rats weighing approximately 225 to 275 gm. Since 
these animals had passed the stage of rapid growth, food intake and urinary 
output were relatively constant. Micro-Kjeldah] nitrogen determinations, 
sulfur partition analyses on the urine and feces, and records of daily food 
intake confirmed this observation. Young male rats of the Sherman and 
Wistar strains were used throughout. Identical results were obtained 
with either strain. The basal diet of Vinson and Cerecedo (2) used in 
these studies has given satisfactory results in our laboratory over a period 
of many years. It consisted of purified casein (Labco) 30, sucrose 48, 
hydrogenated vegetable oil (Crisco) 10, lard 5, Osborne and Mendel salt 
mixture 5, and roughage (Ruffex) 2 per cent. It contained, per kilo of 
diet, thiamine hydrochloride 20 mg., riboflavin 20 mg., pyridoxine hydro- 
chloride 20 mg., calcium pantothenate 40 mg., folic acid 20 mg., choline 
chloride 500 mg., vitamin A 67,500 i1.u., vitamin D (Drisdol) 5000 units, 
and a-tocopherol 20 mg. 


Experiment 1 


In Experiment 1, a group of rats which had been standardized for a 
period of 5 weeks on the thiamine-sufficient diet described above received 
an intramuscular injection of thiamine-S**. 50 y of the radioactive com- 
pound with an activity of 20,266 c.p.m. were given in a single dose. The 
rats were kept in individual wire mesh-bottomed metabolism cages. They 
received the basal diet from which thiamine had been eliminated during 
the entire period of urine collection. Collections were made for 10 days 
and analyses carried out on two 5 day groupings. Aliquots from each of 
the two groups were used for the determination of the three urinary sulfur 
fractions. The inorganic and total sulfate fractions were determined ac- 
cording to the method of Folin (3). Ethereal sulfates were calculated from 
the differences between these two fractions. The sulfates were precipitated 
as BaSO,, filtered, washed with distilled water, and ignited. For the de- 
termination of the neutral sulfur content of the urine, the urine was dried 
and pulverized, and aliquots of the dried material were ignited with sodium 
peroxide, potassium chlorate, and benzoic acid in the Parr bomb. The 
fusion mixture was neutralized with HCl, treated with NH,OH, and fi- 
tered, and the filtrate was acidified with HCl, followed by the addition of 
BaCle. The total sulfur thus oxidized to sulfate was precipitated as BaSQ,. 


1 This analysis was performed by Mr. Joseph Alicino, Metuchen, New Jersey. 
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A thin paste was made of the BaSQ, precipitates, which were then mounted 
on fritted glass disks in stainless steel holders and dried at 110°. The 
samples were counted on the end window Geiger-Miiller counter. 

The distribution of the radioactive sulfur among the various sulfur frac- 
tions of the urine in thiamine-sufficient rats is shown in Table I, suitable 
corrections having been made for self-absorption, decay, and variations in 


counter efficiency. 


TABLE I 
Distribution of S** in Urine of Rats after Administration of Thiamine-S* 
Thiamine injected, 50 7; 20,266 c.p.m. 


es 
‘ Per cent of injected 
Fraction | C.p.m. | dose recovered 


Ist collection 


Inorganic sulfate. 290.1 1.43 
2nd collection 

4470.7 22.06 

Total recovery of dose 64.38 


Experiment 2 


In Experiment 2 we wished to determine what effect a state of thiamine 
deficiency would exert upon the metabolic pathway of thiamine-S*. A 
group of rats was placed upon the basal diet from which the thiamine had 
been removed for 3 weeks prior to the intramuscular injection of labeled 
thiamine. The fact that the animals were in a state of thiamine depletion 
was ascertained by a slight loss in body weight, a decline in food consump- 
tion, and an unkempt appearance. 20 y of thiamine-S* with an activity 
of 8120 c.p.m. were given in a single dose intramuscularly. As in Experi- 
ment 1, a 10 day urine collection was made, which was divided into two 5 
day periods. The fecal excretions for the first 5 days were also collected 
and worked up for total sulfate and neutral sulfur activity. The results 
of this experiment are listed in Table II. 

The second group of thiamine-deficient rats received an intramuscular 
injection of 50 y of thiamine-S**, with an activity of 14,700 ¢._p.m. After 
the second 5 day urine collection, the rats were sacrificed, and the liver, 
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614 FATE OF THIAMINE-S*® 
TaBLeE II 
Distribution of S35 in Excreta of Thiamine-Deficient Rats after Administration of wert 
Thiamine-S*® with 
Thiamine injected, 20 7; 8120 ¢.p.m. al 
. | Per cent of inj the 
Fraction | C.p.m. | pi 
Ist collection orga 
| 
Urine Inorganic sulfate | 165.6 2.04 
Ethereal sulfate | 40.4 | 0.50 Cl 
Neutral sulfur | 2209 .0 27 . 25 thiar 
Feces Total sulfate | 4.4 | 0.00 ; 
Neutral sulfur | 114.0 | 1.40 - 
tigat 
2nd collection 
Urine Inorganic sulfate 201.0 | 2.48 
Ethereal sulfate 47.0 | 0.58 
Neutral sulfur 1563 .0 | 19.25 Th 
Total recovery of dose | 53.50 
III Total 
Distribution of S** in Excreta and Organs of Thiamine-Deficient Rats after Neutr 
Administration of Thiamine-S** 
Thiamine injected, 50 y; 14,700 ¢.p.m. 
j Y p 
Excreta Organs identi 
Per cent | Per cent active 
Fraction of dose | of dose This 
recovered recovered 
ratio | 
Urine Inorganic sulfate 2.15 Kidneys 1.15 comp. 
Ethereal sulfate 0.71 Lungs (0.36 admir 
Neutral sulfur 21.67 Liver 1.07 tribut 
Feces Total sulfur 1.79 Spleen «0.18 ‘i 
Urine Inorganic sulfate 2.50 Heart (0.97 ™ 
Ethereal sulfate 0.71 Testes | 2.08 
Neutral sulfur 21.41 Brain 0.66 
Feces Total sulfur 1.10 Thymus 0.20 Ace 
| Seminal vesicles = 0.18 sulfur 
| | | 
| Muscle 16 neutrs 
Total | 52.04 | 23.11 Small 
| 75.15 | organi 
| molec 


| = 


n of 
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kidneys, lungs, spleen, brain, testes, seminal vesicles, heart, and muscle 
were removed. ‘The tissues were homogenized in a 20 per cent suspension 
with distilled water at 0°. The total sulfur content of the excised organs 
was determined by the Parr bomb method, followed by precipitation of 
the sulfates as BaSOy. The distribution of the radioactive sulfur derived 
from the thiamine-S* in the various fractions of urine and feces and in the 
organs selected for analysis is shown in Table ITI. 


Experiment 3 
Closely allied with the problem of storage and decomposition of the 
thiamine molecule is the phenomenon of the antivitamin activity of cer- 


tain thiamine analogues. In a preliminary experiment designed to inves- 
tigate the effect of oxythiamine (4), 20 y of the labeled thiamine were in- 


TaBLe IV 


Effect of Oxythiamine on Distribution of S** in Urine of Rats 5 Days after 
Administration of Thiamine-S** 


Thiamine injected, 20 y; 5980 c.p.m. 


| Thiamine-S*5 alone Thiamine-S35 + oxythiamine 
Fraction | 
| 
| | 2.03 65.8 | 1.10 
1500.0 | 25.08 2040 .0 | 34.1 


jected into eight rats which had been depleted of vitamin B; in a manner 
identical to that described above. 24 hours later, 0.5 mg. of non-radio- 
active oxythiamine was injected into one-half of the rats on the experiment. 
This amount represented a ratio of oxythiamine to thiamine of 25:1, a 
ratio chosen because it represents the effective inhibition index of the two 
compounds in mice (4). Urine collections were initiated at the time of 
administration of thiamine. 5 day collections were analyzed for the dis- 
tribution of radioactive sulfur among the various sulfur fractions of the 
une. The results are presented in Table IV. 


RESULTS AND DISCUSSION 


According to the data in Table I, a large portion of the radioactive 
sulfur of the labeled thiamine which had been injected was excreted in the 
neutral sulfur fraction of the urine as early as 5 days after the injection. 
Small but significant quantities of radioactivity were detected in the in- 
organic sulfates, indicating that part of the thiazole moiety of the thiamine 
molecule had undergone oxidation. In separate analyses performed on the 
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urine 24 hours after an initial injection of thiamine, radioactivity had beey : 


detected in the inorganic sulfates of the urine, showing that the breakdow, 
and oxidation of thiamine begins soon after intramuscular administration 


of the vitamin. The amount of radioactivity detected in the ethereal] sy. | 


fates of the urine is very small. This, however, would be expected in view 
of the fact that the ratio of ethereal sulfates to inorganic sulfates is quite 


low. The distribution of radioactivity among the various fractions fol. | 


lowed the same pattern in the second 5 day collection. However, the per. 
centage recovery of the initial dose in each of the three fractions had 
dropped off considerably. At the end of 10 days, after the single injection 
of thiamine, 64 per cent of the radioactivity had been recovered in the 
urine. 

In order to determine whether or not excreted thiamine constituted the 
sole source of radioactivity in the neutral sulfur fraction, thiamine was 
removed from the urine by adsorption on a column of activated Decalso. 
The neutral sulfur of the filtrate was then converted to BaSO, and counted. 
After the removal of thiamine, and possibly of some other breakdown prod- 
ucts in this manner, over 40 per cent of the activity was left behind in the 
filtrate. This observation indicated that there were neutral sulfur com- 
pounds present in the urine which, because of their radioactivity, repre- 
sented breakdown products of the labeled thiamine. The nature of these 
breakdown products was not investigated. We also wished to determine 
whether all of the thiamine excreted in the urine was derived from the 
intramuscular injection of radioactive thiamine. The thiamine content 
of the urine was determined by a method based on the thiochrome proce- 
dure of Hennessy and Cerecedo (5). A comparison of the thiamine content 
of the urine with the radioactivity of the material eluted from the acti- 
vated Decalso showed that the radioactive thiamine was being diluted by 
preexisting stores of thiamine in the body. The first 5 day collection 
yielded a total of 660 y of thiamine of which 21 y were radioactive, a dilu- 
tion ratio of 1:31. In the second 5 day collection, 6.6 y were radioactive of 
a total of 468 y, a dilution of 1:70. 

According to the data in Table II, there was some variation from the 
results obtained with the thiamine-sufficient rats in the pattern of distribu- 
tion of radioactive sulfur in the urine of rats which had been maintained on 
thiamine-deficient diets. A higher percentage of the injected dose was 
recovered in the inorganic sulfate fractions of both the first and second 
collections of the latter group. The thiazole moiety of 4.52 per cent of the 
injected dose was found to be oxidized in the case of the deficient rats as 
compared to 2.33 per cent in the case of the thiamine-sufficient rats. Also, 
in the deficient rats the per cent of the injected dose excreted as neutral 
sulfur was much smaller. This finding was in keeping with the observation 
that thiamine could not be detected in the urine of our deficient rats. 
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The amount of radioactivity detected in the feces of the deficient rats 
yas quite small, the amount found in the sulfate portion probably being 
due to contamination from the active urine. These data would indicate 
that the kidneys are the major pathway of excretion of thiamine and its 
metabolic products in the rat as well as in man. 

10 days after the injection of 20 y of thiamine-S* into thiamine-deficient 
rats, 53.5 per cent of the injected dose had been recovered in the excretions 
of these animals. 

The results in Table III duplicate those summarized in Table II in re- 
gard to the pattern of distribution of radioactive sulfur in the excreta of 
thiamine-deficient. rats. Since the dosage of thiamine-S* was identical 
with that administered to the thiamine-sufficient rats in Experiment 1, 
these data serve as a more suitable basis of comparison between the re- 
sponses of thiamine-sufficient and deficient rats. A sizable percentage of 
the dosage of thiamine administered was recovered in the ten organs ana- 
lyzed. On a total organ basis, greatest recoveries of radioactive sulfur 
were obtained from the muscle, testes, liver, kidneys, brain, and heart. 
However, per gm. of wet weight, the concentration of radioactive sulfur 
was greatest in the testes. 100 per cent recoveries of the radioactive sulfur 
administered were not obtained owing to the fact that the activity of tis- 
sues, such as the blood, lymph, bone, bone marrow, intestines, stomach, 
adrenals, skin, hair, etc., was not determined. The organs showing the 
greatest amount of radioactivity are those which other investigators have 
indicated to be sites of storage of thiamine. The thiamine content of these 
organs was not determined in this study. 


SUMMARY 


The fate of thiamine-S* has been investigated in the rat under several 
conditions. Normal rats maintained on a complete thiamine-sufficient diet 
excreted in the urine 64.38 per cent of a dose of thiamine during a period 
of 10 days after an intramuscular injection. 62 per cent of the radioac- 
tivity was recovered in the neutral sulfur fraction, while the remainder was 
found to be oxidized. Thiamine-deficient rats in the same period of time 
excreted in the urine 52 per cent of the original radioactive sulfur, 46.5 per 
cent being found as neutral sulfur compounds. Very low recoveries (1.4 
per cent of the dose administered) were obtained from the feces. Storage 
of the labeled sulfur was observed in all the tissues analyzed, greatest re- 
coveries being obtained from the muscle, testes, kidneys, liver, heart, and 
brain. Our results are essentially the same as those of Borsook and co- 
workers (6) on feeding labeled thiamine to humans. 

It was found that administration of oxythiamine to thiamine-deficient 
rats caused a disturbance in the pattern of distribution of radioactive sulfur 
among the various sulfur fractions of the urine after the administration of 


1 been | 
down 
ration | 
al sul- | 
View 
quite 
fol- 
per- 
had 
ction 
the 
the 
was 
also. 
ted. 
the 
om- 
hese 
ine 
the 
tent 
oce- 
tent 
by 
ion 
lilu- 
e of 
the 
bu- 
on 
vas 
ond 
the 
as 
Iso, 
ral 
ion 


618 FATE OF THIAMINE-S*5 


labeled thiamine. A decreased rate of oxidation of the thiazole moiety oj 
thiamine and an increase in the quantity of radioactive sulfur in the neutrg 
sulfur component of the urine resulted from the administration of OXY. 
thiamine. 


BIBLIOGRAPHY 


. Williams, D. L., and Ronzio, A. R., J. Am. Chem. Soc., 74, 2409 (1952). 

. Vinson, L. J., and Cerecedo, L. R., Arch. Biochem., 3, 389 (1944). 

. Folin, O., J. Biol. Chem., 1, 131 (1905-06). 

. Cerecedo, L. R., Soodak, M., and Eusebi, A. J., J. Biol. Chem., 189, 293 (1951). 

. Hennessy, D. J., and Cerecedo, L. R., J. Am. Chem. Soc., 61, 179 (1939). 

. Borsook, H., Buchman, E. R., Hatcher, J. B., Yost, D. M., and MeMillan, E., 
Proc. Nat. Acad. Sc., 26, 412 (1940). 


Whe 


THI 


with 
work 
and 
being 
prop 
dase 
man’ 
other 
pholt 
mito 
We « 
infor 
treat 
duce 
coulc 
from 
Su 
7 been 
pholi 
pholi 
amin 
phos 
select 
from 
other 
fatty 
know 
*T 
Trust 
Fund. 


1). 


n, E., 


THE ACTION OF PHOSPHOLIPASES ON SUCCINATE OXIDASE 
AND CYTOCHROME OXIDASE* 


By SALLY W. EDWARDS anv ERIC G. BALL 


(From the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, December 21, 1953) 


The association of cytochrome oxidase and succinate oxidase activity 
with an insoluble fraction of the cell has long been known. More recent 
work (8, 21) indicates that these enzymes are localized in the mitochondria 
and thus the usual preparation of these enzymes must be looked upon as 
being derived from these histologically identifiable entities. However, what 
proportion of the mitochondria is represented by the usual succinate oxi- 
dase preparation is not known. It is clear that such preparations lack 
many of the catalytic functions displayed by intact mitochondria. On the 
other hand, they still resemble mitochondria in their high content of phos- 
pholipide. The function of the phospholipide to be found in either the 
mitochondria or succinate oxidase preparations remains undetermined. 
We describe here experiments undertaken in an attempt to supply some 
information upon this point. Succinate oxidase preparations have been 
treated with two different phospholipases. Decreases were thereby pro- 
duced in the cytochrome oxidase and succinate oxidase activity which 
could be correlated with the appearance of hydrolytic products formed 
from the phospholipides by the action of the phospholipases. 

Succinate oxidase preparations of the type employed in this work have 
been found to contain some 25 to 30 per cent of their dry weight as phos- 
pholipide (2). Unpublished analyses! show that about half of this phos- 
pholipide is lecithin and the other half is composed of phosphatidyl] ethanol- 
amine and phosphatidyl serine. Sphingomyelin, cardiolipin, and acetal 
phosphatides are present in negligible amounts. These facts led us to 
select two types of phospholipases for this work. One, contained in Clos- 
indium welchit toxin, is known to catalyze the release of phosphorylcholine 
from lecithin (16) without acting on the other phosphatides (14). The 
other, contained in cobra venom, catalyzes the hydrolysis of unsaturated 
fatty acids (one per phosphatide molecule) from all three phosphatides 
known to be present in the succinate oxidase preparation (4, 13). Both 


*This work was supported in part by funds received from the Eugene Higgins 
ae through Harvard University and from the Life Insurance Medical Research 
und. 


‘Schmidt, G., Ball, E. G., and Cooper, O., unpublished experiments. 
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of these phospholipases require the presence of calcium ions for their ae. 
tivity, a fact which permits a simple control for any non-specific action 
exhibited by the phospholipase preparations. 


EXPERIMENTAL 


Succinate Oxidase Preparation—The enzyme complex was prepared by 
the method of Ball and Cooper (2). The ammonium sulfate precipitate 
so obtained was dispersed in 0.05 M glycylglycine buffer, pH 7.4, to give a 
particle concentration equivalent to that of the Ball and Cooper prepara- 
tion. The enzyme was prepared and used for only 4 days, since in glycyl- 
glycine buffer without fluoride it lost a large fraction of its activity in 24 
hours and almost all of its activity in 1 week. The phospholipase effects 
observed were independent of the age or activity of the preparation. 

C. welchit Toxin—A dried ammonium sulfate precipitate of C. welchii 
toxin was used.? A stock solution of 10 mg. per ml. was prepared weekly 
as the solution was stable for at least 1 week. Toxin was dissolved in 
0.05 m glycylglycine buffer, pH 7.4, containing 1 per cent crystalline 
bovine albumin (Armour substandard) as a stabilizer, and diluted to con- 
venient concentration with the same buffer solution. 

Cobra Venom—1 mg. of crude dried venom’ was dissolved in 5 ml. of 
0.05 m glycylglycine buffer, pH 7.4, containing 1 per cent albumin. The 
stock solution was stable for 1 week and was diluted with the same buffer 
solution when smaller concentrations were desired. 

Purified Sodium Oleate—The urea addition product of oleic acid (Merck 

U. S. P., 5 years old) was formed by the method of Schlenk and Holman 
(19). The complex was broken in water and the ethyl ether-soluble sub- 
stances were extracted. The ether extract was dried at 40° in a nitrogen 
stream and the residue was dissolved in chloroform-methano! solution and 
washed by the procedure of Folch et al. (6). The washed chloroform solu- 
tion was dried in nitrogen and the residue dissolved in ethanol and neu- 
tralized with 0.1 N sodium hydroxide. The soap solution was dried in 
nitrogen under a vacuum, then dissolved in water, and the aqueous soap 
solution extracted with petroleum ether to remove contaminating organic 
matter. The aqueous phase was acidified and the free oleic acid extracted 
with petroleum ether. The ether solution of oleic acid was dried in nitro- 
gen. The purified oleic acid was neutralized in ethanol solution. An 
aliquot of soap solution was dried in nitrogen. 


? The sample of toxin No. W119 employed was generously supplied by Dr. L. 8. 
Danielson of the Lederle Laboratories Division, American Cyanamid Company. 
Dr. Milan A. Logan of the University of Cincinnati kindly informed us that this 
sample assayed 65 mouse LDs5o per mg. (intraperitoneal). 

3 A sample of crude cobra venom was kindly supplied by Dr. John N. Brewer of 
Hynson, Westcott and Dunning, Inc. 
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Sodium Stearate—Eastman stearic acid without further purification was 
converted to sodium stearate. The soap was emulsified in 0.025 m glycyl- 
glycine buffer, pH 7.4, to contain 2 um per ml. and in water to contain 10 


uM per ml. 
Procedure 


Toxin or venom in varying amounts, calcium chloride solution to give 
a final concentration of 0.004 m, and 0.05 m glycylglycine buffer, pH 7.4, 
sufficient to give a final volume double that of the succinate oxidase prepa- 
ration to be added were mixed in a tube. At zero time succinate oxidase 
was added and the tubes were immersed in a constant temperature bath 
at 37° for the desired time. The incubation was terminated by chilling 
the tubes in an ice bath. Samples (generally 0.2 or 0.4 ml.) were removed 
immediately for assay and the manometric determinations were begun 
within 5 minutes of the conclusion of the incubation period. 


Chemical Determinations 


Oxygen consumption was measured in 0.067 m phosphate buffer, pH 7.4, 
and 3 ml. final volume by the conventional Warburg manometric procedure 
at 37.1° with air as the gas phase (2). 

Succinate oxidase activity was determined with sodium succinate as 
substrate in a final concentration of 0.013 m and with added cytochrome c 
in a final concentration of 10-° m. 

Cytochrome oxidase activity was determined with p-phenylenediamine 
in a final concentration of 0.015 m as substrate and cytochrome c added 
in a final concentration of 10—5 m (2). 

Succinate dehydrogenase activity was determined by measuring O, con- 
sumption in the presence of 0.001 mM potassium cyanide and 0.007 per cent 
methylene blue with 0.013 m sodium succinate as substrate (1). 

The phosphorus fractionation procedure used was that of Schneider (20). 
Phosphorus was determined by the method of Fiske and Subbarow (5). 

Fatty acids were extracted and partially isolated by Fairbairn’s proce- 
dure (4). They were titrated potentiometrically in nitrogen in 2-ethoxy- 
ethanol by a microtitration procedure of Garvin.‘ 


Results 


The effect of C. welchii toxin on the various activities of the oxidative 
enzyme complex is shown in Fig. 1. Here the procedure adopted was to 
fix the time of incubation and to vary the amount of toxin added. The 
results show that there is considerable scatter from experiment to experi- 
ment, but that the pattern of the degree of inactivation consistently follows 


‘Garvin, J. E., unpublished experiments. 
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TABLE I 
Properties of Enzyme Preparations Employed* 
‘tak | Gee | tee | dab | | 

Dry weight, mg. per ml........ 7.3 6.4 8.8 7.0 10.5 6.8 
Initial Qo, with succinate... .. 234 435 234 329 240 409 
Total P, um per mg.dry weight.| 0.65 0.70 0.62 0.66 0.62 0.66 
Maximal acid-soluble P re- 

leased by toxin, uM per mg. 

% of total P........ 35 43 42 

| 


* In some other succinate oxidase preparations dry weights were not obtained. 
For uniformity in presentation we have preferred to express our data on the basis 
of dry weight rather than ml. of succinate oxidase. The range of dry weights of 
seventeen preparations was 4.5 to 10.5 mg. per ml. The average dry weight of 7.1 
mg. per ml. is assumed in some preparations when the dry weight was not determined. 
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Fig. 1 Fig. 2 


Fic. 1. The action of C. welchit toxin on the enzymic activities of the succinate 
oxidase preparation. Succinate oxidase Preparations A through F (see Table I) 
were incubated for 25 minutes with the amounts of toxin shown. O, succinate 
oxidase activity; @, succinate dehydrogenase; and A, cytochrome oxidase. For 
other details see the text. 

Fig. 2. The concomitant release of acid-soluble phosphorus and inactivation of 
succinate oxidase by C. welchiit toxin. The enzyme preparations used are desig- 
nated by the letters shown and their properties are listed in Table I. The acid- 
soluble phosphorus per mg. of succinate oxidase plotted is the amount released by 
the toxin, since corrections have been applied for the acid-soluble phosphorus in a 
succinate oxidase preparation similarly incubated without toxin (6.5 to 7.5 per cent 
of total P) and for the amount present in the toxin itself (5 y per mg.). The experi- 
mental conditions are as for the data presented in Fig. 1. 
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the order succinate oxidase, succinate dehydrogenase, cytochrome oxidase. 
The results also show that the degree of inactivation tends to reach a 
plateau value as the amount of toxin added is increased and that this 
plateau value is well below 100 per cent inhibition. 

Fig. 1 includes data obtained from six different enzyme preparations 1 
to 4 days old. The properties of the enzyme preparations employed are 
given in Table I. 

In Fig. 2 is shown a similar set of experiments, but here the release of 
acid-soluble phosphorus was followed concomitantly with the changes in 
succinate oxidase activity. It is seen that the increase in acid-soluble 
phosphorus parallels the decrease observed in succinate oxidase activity. 
This released acid-soluble phosphorus is presumably largely phosphoryl- 


TABLE II 
Variation of Time of Incubation of C. welchit Toxin with Succinate Oxidase* 


Time of incubation 


0.25 hr. 1 hr. 2 hrs. 4hrs. | 24 hrs. 


Inhibition of succinate oxidase, %........... 66 73 74 69 
Increase in acid-soluble P, um per mg. suc- 
0.28 | 0.31; 0.28; 0.31 | 0.27 


Total P = 0.56 um per mg. of succinate oxidase. 

* The incubations were carried out as described in the text, with 0.11 mg. of toxin 
per mg. of succinate oxidase. The acid-soluble P values are corrected as in Fig. 2 
to represent the acid-soluble P released by toxin. 


choline. At least it has been possible to show in experiments of this type 
that the production of acid-soluble P is equivalent to the decrease in phos- 
pholipide phosphorus in the preparation. In these experiments there has 
been a release of acid-soluble phosphorus which is 35 to 43 per cent of the 
total phosphorus. On the other hand, calculations from unpublished ex- 
periments! in which choline was determined as the reineckate would indi- 
cate that choline phosphorus represents only 25 to 33 per cent of the total P 
of such enzyme preparations. 

Similar results are obtained when the amount of toxin is held constant, 
but the incubation time is varied as shown by the data given in Table II. 
Prolonged incubation with toxin does not increase the inhibition of suc- 
cinate oxidase nor the release of acid-soluble phosphorus. 

The effect of cobra venom on the various activities of the oxidative en- 
zyme complex is shown in Fig. 3. The experimental procedure was the 
same as that used in the case of toxin; but the results are different. Venom 
added in amounts small as compared to toxin will completely inactivate 
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the succinate oxidase system. Cytochrome oxidase and succinate dehy. 
drogenase are only partially inactivated, though it should be noted that 
the susceptibility of these two enzymatic processes is reversed from the 
order found with toxin. 

As shown in Fig. 4, there is a concomitant release of fatty acid during 
the inactivation of succinate oxidase by cobra venom and the two processes 
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Fig. 3. The action of cobra venom on the enzymic activities of the succinate 
oxidase preparation. Succinate oxidase Preparations A through F (see Table I) 
were incubated for 25 minutes with the amounts of cobra venom shown. O, suc- 
cinate oxidase activity; @, succinate dehydrogenase; and A, cytochrome oxidase. 
For other details see the text. 

Fic. 4. The concomitant release of fatty acid and inactivation of succinate oxi- 
dase by cobra venom. Succinate oxidase Preparations G and H were incubated for 
25 minutes with the amounts of cobra venom indicated. (An average dry weight 
is assumed for each preparation.) The fatty acid per mg. of succinate oxidase 
plotted is the amount released, since corrections have been applied for a blank value 
obtained by extraction of a succinate oxidase preparation incubated in the absence 
of venom. This blank value was 21 and 22 per cent, respectively, of the total titrat- 
able acid obtained in Preparations G and H. 


show a definite parallelism. The quantitative aspects of the release of 
fatty acid in relation to the total phospholipide in the preparations are not 
as clear cut as in the case of the acid-soluble phosphorus released by C. 
welchii toxin. Recoveries of fatty acid added to succinate oxidase prepa- 
rations have been poor. For example, stearic acid was added to samples 
of both succinate oxidase preparations employed in this experiment and 
extraction and titration procedures were carried through simultaneously 
on them along with the venom-treated samples. In the use of Preparation 
G, 0.14 um of stearic acid was added per mg. of dry weight of the enzyme 
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and a recovery of 64 per cent was achieved. In the case of Preparation H, 
0.28 um of stearic acid was added per mg. of dry weight of enzyme and a 
72 per cent recovery was obtained. An additional complicating factor 
to be borne in mind is that cobra venom is reported to release only un- 
saturated fatty acids (4) and that these might behave differently from 
stearic acid during extraction. 

It was of interest to be certain that the toxin and venom preparations 
split different bonds in the phospholipide of the succinate oxidase prepara- 
tion and that we were therefore dealing with two different phospholipase 
actions. We therefore determined the fatty acids in a toxin-treated prepa- 
ration and the acid-soluble phosphorus in a venom-treated preparation. 
In these experiments, all with Preparation H, enough venom (2.8 y per 
mg. of succinate oxidase*) and enough toxin (0.28 mg. per mg. of succinate 
oxidase®) to produce maximal succinate oxidase inhibitions during the 25 
minute incubation period were added. 

Venom did produce an increase in acid-soluble phosphorus, but it was 
only one-third as great as that produced by toxin. The increase in acid- 
soluble phosphorus produced by venom was equivalent to the decrease in 
phospholipide phosphorus of the same preparation and hence most likely 
came from the phospholipide fraction. It seems possible that lysophos- 
pholipide is partially soluble in the trichloroacetic acid extract and is thus 
determined in part in the acid-soluble fraction. 

In two experiments toxin produced an increase in fatty acid titrations 
no greater than 14 per cent of the increase in fatty acid titration values 
produced in venom. 

The parallelism between the appearance of products split from phospho- 
lipides and the inactivation of succinate oxidase activity strongly suggests 
that the two processes are interrelated. There remains, however, the pos- 
sibility that this relationship is fortuitous and that both the crude venom 
and toxin preparations contain destructive enzymes other than phospho- 
lipases. In order to test this hypothesis we have made use of the rather 
characteristic dependency of the phospholipases on the presence of calcium 
for their activity (16, 26). In Table III data are presented bearing on this 
point. It will be seen that in the absence of calcium both venom and 
toxin lose their ability to inhibit the succinate oxidase preparation and 
also fail to produce phospholipide split products. Other workers have also 
shown that magnesium and manganese are less effective activators of 
phospholipase than is calcium. The same pattern is observed here for 
the inactivation of succinate oxidase by venom and toxin. 

Venom phospholipase has an additional property which distinguishes 
it from most other enzymes. It resists boiling at pH 5.9 for 20 minutes 


* An average dry weight of succinate oxidase is assumed. 
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(7,9). The results shown in Table IV indicate that boiled venom has re. 


tained its inactivating power and that it liberates as much fatty acid as 
unboiled venom. 


TABLE III 
Effect of Cations on Action of Toxin and Venom 


Ions added to activate toxin or venom 
Ca** Mn**+ | Mg+ 
0 0.004m | 0.0l O0.0ly 
0.19 mg. toxin per mg. succinate oxidase 
% inhibition of succinate oxidase........... 1 48 
Increase in uM acid-soluble P per mg. suc- 
0.28 mg. toxin per mg. succinate oxidase* 
% inhibition of succinate oxidase........... 54 21 10 
2.8 y venom per mg. succinate oxidase* 
% inhibition of succinate oxidase........... 15 100 99 16 28 
Increase in fatty acid titration, um per mg. 


The incubations were terminated after 25 minutes. 
* An average dry weight of succinate oxidase is assumed. 


TABLE IV 
Action of Boiled Venom 


Venom per mg. succinate oxidase 


0.114 7 1.14 2.8 7° 


Boiled |Unboiled | Boiled |Unboiled | Boiled | Unboiled 


Inhibition of succinate oxidase, %....| 20 35 82 94 | 99 100 
dehydrogenase, 
se 30 41 53 53 
Inhibition of cytochrome oxidase, %...| 24 56 70 72 
Increase in fatty acid titrations, um 
per mg. succinate oxidase............ 0.20; 0.21 


The incubations were finished after 25 minutes. 
* An average dry weight of succinate oxidase is assumed. 


If the inactivation of succinate oxidase by the toxin and venom prepara- 
tions is the result of the action of phospholipases, as it seems to be, there 
remains the question as to the mode of their action. One possibility is 
that the split products formed, phosphorylcholine and diglyceride or fatty 
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acid and lysophospholipide, are inhibitors of the succinate oxidase system. 
An attempt was therefore made to test the action of some of these com- 
pounds on the succinate oxidase system. 

A 2.5 per cent emulsion of lecithin® isolated from egg yolk by Pangborn’s 
method (18) was incubated overnight at 37° with 0.1 mg. of C. welchii 
toxin per ml. in 0.004 m CaCl, and 0.05 m glycylglycine buffer, pH 7.4. 
The next morning fatty white particles were filtered off, leaving a clear 
filtrate containing acid-soluble phosphorus but no lipide phosphorus. A 
control tube run without toxin showed no acid-soluble phosphorus at this 
stage. A portion of the filtrate from the toxin-treated lecithin caused no 
inhibition of the succinate oxidase system. Calculated on the basis of P 
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Fic. 5. The inhibitory action of sodium oleate. ©, succinate oxidase activity; 
@, succinate dehydrogenase; and A, cytochrome oxidase. An emulsion of sodium 
oleate was added directly to the Warburg flask containing 0.1 or 0.2 ml. of the enzyme 
preparation. Two different preparations of succinate oxidase were employed with 
dry weights of 6.2 and 9.2 mg. per ml. 


content, the amount of filtrate employed would correspond to 1.4 um 
of phosphorylcholine per mg. of succinate oxidase. It can be calculated 
that such an amount of phosphorylcholine is several times that which could 
be split from the lecithin found in the amount of succinate oxidase em- 
ployed in our enzyme tests. The insolubility of the other product of 
lecithin hydrolysis discouraged us from investigating its action. 

We also investigated the possibility that the fatty acids released by 
the action of venom phospholipase on the succinate oxidase preparation 
were the cause of its inactivation. As shown in Fig. 5, sodium oleate does 
inhibit succinate oxidase, succinate dehydrogenase, and cytochrome oxi- 
dase, and the pattern of inactivation simulates that produced by venom. 
The minimal amount of sodium oleate required to inhibit completely the 


‘We are indebted to Dr. James Garvin for generously supplying us with this com- 
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succinate oxidase system is about 1 um per mg. of succinate oxidase. As 
is shown in Fig. 4, we found that about one-third this amount of fatty 
acid was released when venom acted upon succinate oxidase to inhibit it 
completely. Since these values may be minimal ones, however, and also 
because the nature of the unsaturated fatty acid released is not known, it 
remains quite possible that the inactivation of succinate oxidase by venom 
is due to the unsaturated fatty acids released. 

Sodium stearate, the saturated counterpart of sodium oleate, has much 
less inhibitory action. When added in amounts as high as 13 uM per mg. 
of succinate oxidase, the maximal inhibition observed was 27 per cent. 
At a concentration of 1 um per mg. of succinate oxidase, sodium stearate 
inhibits 12 per cent in contrast to the 100 per cent inhibition observed 
with sodium oleate at this same concentration. 

It should be pointed out that the per cent inhibition of succinate oxidase 
by sodium oleate is directly proportional to the ratio of oleate to dry 
weight of succinate oxidase. It is independent of the concentration of 
oleate in the Warburg vessel. Some typical data illustrate this point. 
In one experiment 0.1 ml. of succinate oxidase was added to a pair of War- 
burg flasks and sodium oleate was added to one to give a final concentra- 
tion of 0.33 um per ml. Oxygen uptake was completely inhibited. Ina 
second pair of flasks the same final concentration of sodium oleate was 
used, but twice as much succinate oxidase was added. ‘The per cent in- 
hibition was only 43. In the first pair of flasks there were 1.08 uM of oleate 
per mg. of succinate oxidase; in the second pair there was 0.54 uM of oleate 
per mg. of succinate oxidase. These ratios were nearly proportional to the 
inhibitions of 100 and 43 per cent, respectively. 


DISCUSSION 


Before McFarlane and Knight (16) had identified the a-toxin of C. 
-welchii with the phospholipase which splits phosphorylcholine from lecithin, 
Wooldridge and Higginbottom (25) reported the inhibitory action of this 
toxin on the complex of enzymes studied here. They found that the in- 
hibition of succinate oxidase was greater than that of succinate dehy- 
drogenase or cytochrome oxidase. Inhibition was prevented by antisera 
containing antibodies to the a-toxin. 

Later McFarlane (15) observed the inhibiting effect of C. welchii toxin 
on the succinate oxidase and cytochrome oxidase activities of a rabbit 
liver mitochondrial preparation. Instead of partial inhibitions, she ob- 
served 100 per cent inhibitions of both succinate oxidase and cytochrome 
oxidase. She also correlated acid-soluble phosphorus production with per 
cent inhibition. 

Recently Kielley and Meyerhof (12) have shown the importance of 
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lecithin to the activity of an ATPase. They showed linear correlation 
between the amount of acid-soluble phosphorus released by toxin action 
and the amount of ATPase inhibition. 

Since completing the studies reported here, two other investigations 
bearing on this topic have appeared. Braganca and Quastel (3) have 
studied the action of various heated snake venoms on enzyme systems and 
have reported inhibitions of those enzymes, such as succinate oxidase, 
which are associated with the mitochondria of the cell. Soluble enzymes 
such as those involved in the glycolytic cycle are not attacked. They 
conclude that heated venoms exert their inhibitory effects probably by 
reason of their lecithinase content, which degrades mitochondrial structures 
upon whose integrity or particular spatial configurations the enzyme sys- 
tems concerned depend for their optimal activities. Nygaard and Sumner 
(17) have employed a crystalline lecithinase, crotoxin, obtained from a 
snake venom, in their studies. They report the ‘‘destruction” of succinate 
oxidase by this lecithinase when it is allowed to act on rat liver homogenates 
or mitochondrial preparations. Cytochrome oxidase and succinate dehy- 
drogenase are not appreciably affected under comparable circumstances. 
They have followed the concomitant production of lysolecithin and inac- 
tivation of succinate oxidase and report that the mitochondrial lecithin is 
less than 10 per cent hydrolyzed at the time the oxidase system is com- 
pletely inactivated. To test the possibility that the products of lecithin 
hydrolysis are producing succinate oxidase inactivation the authors add to 
a fresh mitochondrial preparation various amounts of a mitochondrial 
preparation which have been preincubated with crotoxin. The preincu- 
bated mitochondria are shown to contain lysolecithin and presumably con- 
tain equivalent amounts of fatty acid. They do not inhibit the succinate 
oxidase more than can be accounted for by the amount of crotoxin present. 
In the absence of inhibition by the products of crotoxin action, the authors 
infer that inactivation with crotoxin occurs because lecithin is a part of a 
component linking succinate dehydrogenase and cytochrome c. 

Our studies, therefore, furnish the first comparison of the action of both 
phospholipases under similar experimental conditions and on a somewhat 
purified succinate oxidase preparation. The actions of the C. welchii toxin 
and snake venom preparations were found to be somewhat similar. Both 
caused less inactivation of cytochrome oxidase and succinate dehydrogenase 
than of succinate oxidase. This suggests that their action is not upon 
one particular enzyme in the chain which comprises succinate oxidase. If 
the sequence of reactions for the succinate oxidase system is represented 
as follows: O.-cytochrome oxidase-cytochrome a-cytochrome c-unknown 
factor-cytochrome b-succinate dehydrogenase-succinate, then cytochrome 
oxidase activity as measured in our work involves the participation of not 
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more than the first three enzymes in the chain. Since cytochrome ¢ jn 
our tests has always been added in excess after the phospholipase incuba- 
tion, it would appear that either cytochrome oxidase and cytochrome q 
must be affected, or that their interaction with one another or with cyto. 
chrome c is interfered with. On the other hand, the measurement of suc. 
cinate dehydrogenase activity with methylene blue involves none of the 
enzymes dealt with in the measurement of cytochrome oxidase. How 
many of the other components listed are involved is not clear, but both 
phospholipases are able to inactivate partially succinate dehydrogenase 
activH#y. Since measurement of succinate oxidase activity involves both 
the cytochrome oxidase and succinate dehydrogenase systems, it is not un- 
reasonable to find that impairment of succinate oxidase activity is always 
greater than either of its component parts. To our minds these results 
also indicate that the phospholipases exert their action by interfering in 
some way with the interaction of the various enzymes in the chain rather 
than by their attack on some specific component in the chain. 

In the case of both phospholipases it is possible to correlate their action 
with the release of products formed by splitting of phospholipide. How- 
ever, in neither case is it possible to state categorically that inactivation 
is due to destruction of the phospholipide per se rather than to the release 
of toxic end-products. In the case of toxin, the available evidence favors 
the former interpretation, while, in the case of venom, there is a strong 
suggestion that the released unsaturated fatty acids may be involved in the 
effect. The inhibitory action of venom on succinate oxidase, succinate 
dehydrogenase, or cytochrome oxidase may be simulated by the addition 
of oleic acid in amounts roughly 3 times that of the fatty acids released by 
the venom. Since stearic acid is much less effective than oleic, the degree 
of unsaturation of the fatty acid would appear to be an important factor. 
_ The iodine number of the fatty acids released from the succinate oxidase 
preparation by the action of venom is not known. On the other hand, if 
the inhibitions observed with venom are due entirely to the unsaturated 
fatty acids released, it seems strangely fortuitous that 100 per cent in- 
hibition is reached simultaneously with the maximal release of fatty 
acids. It may thus be possible that venom action is a combination of 
phospholipide destruction and accumulation of unsaturated fatty acids. 

The fatty acids released by the action of venom appear to remain ad- 
sorbed to the particulate matter of the succinate oxidase preparation. At 
least when succinate oxidase is incubated with enough venom and calcium 
to produce 100 per cent inhibition of succinate oxidase and the preparation 
is centrifuged at high speed so as to precipitate the particulate matter, the 
supernatant fluid obtained yields no titratable fatty acids upon extraction 
by Fairbairn’s procedure. The results obtained upon the addition of oleic 


ac 

p 
th 
ex 

of 
th 

ac 

ce 
(1 
ho 
de 
su 

sp 
the 
tw 

lik 

by 
loc 
im: 
the 
cul 

fur 

W 
is ( 
ove 
the 

in 
the 
da 
lipi 
anc 
| 
leci 
and 
| tive 
| 


S. W. EDWARDS AND E. G. BALL 631 


acid also support the adsorption of fatty acid to the succinate oxidase 
preparation, since it is the ratio of fatty acid to mass of particles rather 
than the concentration of fatty acid in the systems which determines the 
extent of inhibition. 

The pattern of inhibition observed is not an unusual one. <A variety 
of treatments has produced inhibitions of succinate oxidase activity greater 
than the inhibitions of succinate dehydrogenase and cytochrome oxidase 
activities. ‘Treatments producing this pattern of inhibition include ultra- 
centrifugation (23), sodium cholate fractionation (24), addition of narcotics 
(10), naphthoquinones (1), BAL (22), and acidification to pH 5 for 1 
hour (10). Any of these inhibitions might be interpreted as being due to 
destruction of an enzyme or coenzyme in the chain of reactions linking 
succinate to molecular oxygen. An alternative explanation is that a 
spatial integration is essential to the functioning of the succinate oxidase 
complex and the inhibiting treatment disarranges the components so that 
they react much less rapidly with one another (11). 

Our results are subject to the same dual interpretation. However, for 
two reasons, we feel that a coenzyme function for phospholipide is un- 
likely. The inhibition of succinate dehydrogenase and cytochrome oxidase 
by toxin indicates diffuse damage, whereas we would expect a strictly 
localized effect from destruction of a coenzyme. Also, it is difficult to 
imagine that phospholipide acts here as a coenzyme when it is present in 
these particles in the ratio of 90 phospholipide molecules to 1 protein mole- 
cule of assumed molecular weight 100,000 (2). 

The results are not inconsistent with the interpretation that one of the 
functions of phospholipide in these particles is as a cement substance. 
When the spatial relationship of the enzymic components of these particles 
is disturbed by splitting phospholipide or loading with fatty acids, the 
over-all reaction rate is slowed much more than the rates for portions of 
the system. However, this is in the realm of speculation. Our results 
indicate the importance of intact phospholipide to the enzymic activity of 
these particles, but do not define the réle of phospholipide in these particles. 


SUMMARY 


Large amounts of phospholipides are associated with the succinate oxi- 
dase complex of enzymes. In order to probe into the possible réle of these 
lipides, a study of the effect of the phospholipases found in C. welchii toxin 
and cobra venom upon this enzyme complex has been made. 

Toxin contains a phospholipase which splits phosphorylcholine from 
lecithin. It acts on succinate oxidase to release acid-soluble phosphorus 
and this release parallels a decrease in succinate oxidase activity. Inac- 
tivation of succinate oxidase never exceeds 70 per cent, while succinate 
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dehydrogenase and cytochrome oxidase activities are inhibited to an even 
less degree. 

- Venom contains a phospholipase which splits fatty acids from phospho- 
lipides. It acts on succinate oxidase to release fatty acids and this release 
again parallels an inactivation of succinate oxidase. Complete inactivation 
of succinate oxidase is achieved at very low concentrations of venom. Ip. 
activation of succinate dehydrogenase and cytochrome oxidase js only 
partial even at high venom concentrations. 

In the absence of calcium ion, which is essential for the action of both 
phospholipases, toxin and venom are without effect upon succinate oxidase. 
Boiled venom retains both its phospholipase activity and its ability to 
inactivate completely succinate oxidase. These observations supply evi- 
dence that the inhibition of succinate oxidase activity is a specific result 
of phospholipase activity. 

Some of the split products formed from phospholipide by the action of 
the phospholipase have been tested for their possible rdle in the inactiva- 
tion phenomena. Sodium oleate has been found to simulate the inactiva- 
tion produced by venom. 

It is concluded that the results indicate the importance of intact phos- 
pholipide to succinate oxidase activity but do not define its réle. One 
function suggested for the phospholipide is that it serves as a cement sub- 
stance to bind together intimately the interacting group of enzymes which 
comprise the succinate oxidase complex. 
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LIPOGENESIS OF THE INTACT ALLOXAN-DIABETIC RAT* 


By J. T. VAN BRUGGEN, P. YAMADA, T. T. HUTCHENS,ft anp 
EDWARD S. WEST 


(From the Department of Biochemistry, U niversity of Oregon Medical 
School, Portland, Oregon) 


(Received for publication, January 18, 1954) 


Earlier studies in vivo on the alloxanized rat (1, 2) utilized DO as a 
tracer, and showed a marked impairment of fatty acid synthesis. Incorpo- 
ration of acetate-C™ label into the lipides of such animals has been studied 
primarily with the liver slice technique (3, 4), and again an impairment of 
fatty acid synthesis was demonstrated. Information on the effect of dia- 
betes on cholesterol formation is less clear cut. Brady and Gurin (3) found 
little impairment in the conversion of acetate to cholesterol in liver slices of 
early alloxan-diabetic rats, while Hotta and Chaikoff (4) reported 10-fold 
increases in specific activity of cholesterol in liver slices of alloxan-treated 
rats. These latter authors (4) state that ‘‘a definite increase in cholesterol 
formation in the diabetic liver is demonstrated here.”’ 

Because of a potential relation to the problem of arteriosclerosis, it 
seemed desirable to obtain more quantitative data on the incorporation of 
acetate-1-C' into the lipides of intact alloxan-diabetic rats and also to 
determin the lipide concentration of several tissues. Liver, gut, carcass, 
and skin fractions were studied in the present investigation. There was 
general reduction in the incorporation of label for fatty acids, but little 
change from the controls for cholesterol. The cholesterol concentration in 
the tissue of the alloxan-treated rats was normal. 


EXPERIMENTAL 


Adult male rats of the Sprague-Dawley strain of our own colony were 
injected with alloxan, after prior fasting, and maintained on Purina chow. 
Animals not showing a consistent hyperglycemia and glycosuria were re- 
jected. At the time of use, blood sugars ranged between 400 and 800 mg. 
per cent, and urine sugars averaged about 7 gm. per 24 hours. The non- 
fasted group consisted of five rats, three being used 3 months after treat- 
ment with alloxan and two rats 10 months after alloxan treatment. The 


*This work was supported largely by contract No. AT (45-1)-225 of the United 
States Atomic Energy Commission. A preliminary report of this work was pre- 
sented at the meeting of the American Society of Biological Chemists at Chicago, 
April 6-10, 1953. 

t Work performed while Research Fellow of the National Institute of Arthritis 
and Metabolic Diseases, United States Public Health Service. 
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three rats of the group fasted 18 hours were used 10 months after alloxan 
injection. Eight of the non-fasted controls were used about 1 hour after 
the last feeding and three were used at random times. The nutritional 
habits of the chronic diabetic rats were difficult to control. Although chow 
was constantly before the rats, their food intake was below normal, and 
most animals did not show a normal weight gain. Because of this, the 
control animals were not rigidly trained to feeding as before. 


The rats were injected intraperitoneally with a single dose of 10 to 20 | 


uc. of acetate-1-C™ (5), and were immediately placed in a closed metabo- 
lism system. CQO»-free air was drawn past the animal and absorbed in 
standard NaOH. The non-fasted diabetics were sacrificed after 2 hours 
and the fasted diabetics and controls after 4 hours, since incorporation of 
C* of acetate-1-C' remains essentially unchanged in the 2 to 4 hour period 
(6). Tissues were separated, saponified, and fractionated as before (6). 
Brain and spinal cord were removed from the carcass and also fractionated. 
Acetone-soluble fatty acids were determined by weighing, and cholesterol 
was determined colorimetrically as before (7). 

All lipide samples were converted to CO, by wet combustion (8) and 
plated as infinitely thick BaCQO; plates (9). The plates were assayed for 
C under both end window and gas flow counters as before (6,7). Aliquots 
of the acetate-1-C"™ solution were assayed as BaCO; and counted under the 
same conditions used for lipide assays. 


Results 


The size of the rat used will in part determine the amount of lipide present 
in a particular fraction, and will thus influence the concentration (specific 
activity) of the isotope labeling the fraction. Since the weight of our ani- 
mals varied, and since several counters of different sensitivities were used 
for the C™ assay, data on specific activity are not presented. The figures 
on per cent incorporation reported below are not dependent upon the C* 
counting procedure if the acetate is similarly counted. In addition, since 
the figures on per cent incorporation include data on specific activity, total 
lipide weight, and administered activity, they are less dependent upon the 
size of the rat. 

The data of Table I indicate in the diabetic rats a decreased incorporation 
of label into the fatty acids of liver, carcass, and skin, incorporation in the 
fasted diabetic rats being similar to that of fasted control rats. The three 
groups, non-fasted diabetic, fasted diabetic, and fasted controls, have es- 
sentially the same incorporation. The change was much less in per cent in- 
corporation in gut tissue fatty acids of fasted or diabetic rats than in liver, 
carcass, and skin fractions. 

The C" incorporation into the cholesterol of diabetic rats was not de- 
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creased as was the incorporation into the fatty acids, as given in Table I. 
The wide range of values obtained in this work makes difficult the interpre- 


TABLE I 


Incorporation of C' of Acetate-1-C' into Fatty Acid and Cholesterol Fractions of 
Control and Diabetic Rats* 


i Liver Gut Carcass | Skin 
Fatty acids 

Control = 0.79 1.65 1.80 0.56 
0.2—- 1.6 1.2— 2.5 1.6—- 2.1 0.3- 0.99 

Diabetic 5 0.22 1.10 0.32 0.23 
0.1- 0.4 0.2— 2.9 0.1-— 0.4 0.12-0.43 

Control, 18 hr. 5 0.06 0.84 0.72 0.36 
fast 0.04-0.07 0.7—- 1.0 0.4—- 1.1 0.2—- 0.5 

Diabetic, 18 hr. 3 0.17 1.0 0.28 0.36 
fast 0.11-0.26 0.82-1.3 0.23-0.33 0.22-0.45 

Cholesterol 

Control | il 0.20 0.24 0.19 0.11 
0.1-— 0.37 0.02-0.31 0.07-0.27 0.03-0.19 

Diabetic 5 0.24 0.29 0.14 0.06 
| 0 .06-0.38 0.07-0.48 0.02-0.21 0.04-0.10 

Control, 18 hr. = 5 0.07 0.24 0.16 0.12 
fast | 0.02-0.11 0.21-0.28 0.11-0.23 0.08-0.16 

Diabetic, Shr. | 3 | 0.12 0.28 0.16 en 
fast | 0.08-0.16 0.2- 0.36 0.18-0.21 0.08-0.17 


*The figures represent the average (upper line) and the range (lower line). 
Per cent incorporation = (total activity (c.p.m.) X 100)/(total dose (c¢.p.m.)). 


TABLE II 


Tissue Weights and Weights of Fatty Acid and Cholesterol Fractions of Unfasted 
Control and Diabetic Rats 


Rats Liver Gut (| Carcass | Skin 
Control (11 rats) Tissue weight, gm. 9.6 | 24.4 | 137.7 | 25.7 
Fatty acids, mg. per gm. 26.1 | 35.7 | 42.4 | 93.3 
Cholesterol, ‘ 1.1} 3.9 
Diabetic (5 rats) Tissue weight, gm. 8.1 | 34.7 | 72.6 | 19.5 
Fatty acids, mg. per gm. 31.9 | 19.54; 30.9 | 49.5 


tation of small changes. The decreased incorporation seen in liver choles- 
terol fractions of fasted, compared to normal, controls is similar to that 
previously reported by us (10). Although brain and spinal cord lipides 
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were studied in this present series, data are not reported because of the ex. 
tremely low incorporation figures obtained. The lipogenic response of the 
diabetic rats used 10 months after alloxan treatment did not differ signif. 
cantly from that of the rats used only 3 months after alloxan treatment. 
Table II presents information on the amount of lipide present in the 
control and non-fasted diabetic rats. The weight of the respective tissues 
used is also given. The control animals were of greater weight than the 
diabetic rats. Because of this unavoidable difference in weight, tissue 
lipide data are best presented as concentration; 7.e., mg. of lipide per gm. of 
wet tissue. The diabetic group showed a pronounced decrease in gut, car- 
cass, and skin fatty acid concentrations, but a small increase in liyer 
fatty acid concentration. No real difference between the two groups is 
seen in respect to cholesterol concentration of the four tissues studied. 


DISCUSSION 


The four tissues reported seemingly responded to the alloxan diabetes 
in somewhat different fashions. Liver, carcass, and skin showed a greater 
decrease in incorporation of label into fatty acids than did gut tissue. The 
decreased incorporation of label into carcass and skin fatty acids is accom- 
panied by a fall in fatty acid concentration in these tissues. The figures 
of per cent incorporation are assumed to reflect the activity of lipogenic 
reactions, but are not to be interpreted as a quantitative measure of lipo- 
genic rates. 

Liver tissue showed a real decrease in fatty acid label incorporation but 
an increase in fatty acid concentration. This increase in concentration 
may be the result of increased mobilization of extrahepatic fatty acids (3). 
However, this influx of extrahepatic fatty acids does not decrease the signifi- 
cance of the per cent incorporation data, for, although the specific activity 
of newly tagged lipides would be lowered by the influx of extra lipide, per 
cent incorporation data would not be influenced. 

Diabetic gut tissue, which showed a loss of fatty acids, retained consider- 
able incorporation activity. As we have previously (10) shown, gut tissue 
lipogenic mechanisms are also less susceptible to — than are the lipo- 
genic mechanisms of other tissues. 

Our finding of both normal incorporation of acetate label into cholesterol 
and normal cholesterol concentration suggests little change in cholesterolo- 
genic mechanism in our diabetic preparations and lends support to the 
findings of Brady and Gurin (3). Hotta and Chaikoff (4), who found 
cholesterol of diabetic liver slices to have specific activities 10-fold greater 
than the controls, apparently concluded that this measurement (of specific 
activity) was an indication of an increased formation of cholesterol. Data 
presented by these authors indicate normal cholesterol concentration in 
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these same tissues. The absence of cholesterol accumulation in view 
of the stated (4) increased cholesterol synthesis appears contradictory. 
4 correspondingly increased destruction or mobilization of liver cholesterol 
might account for the lack of cholesterol accumulation reported by Hotta 
and Chaikoff. These authors, however, have not established the magni- 
tude of these later factors. 

Brady and Gurin suggest as a reasonable assumption that an accumula- 
tion of C fragments may take the form of increased cholesterol formation 
and ketone body production. Although the hypothesis that such an ac- 
cumulation of Cs units of the diabetic rat is responsible for the hyper- 
cholesteremia often seen in diabetes is an attractive one, it must be re- 
membered that this presumed accumulation of Cs: units does not cause 
an increase in fatty acid formation, for the failure of fatty acid lipogen- 
esis is well established in the diabetic. We have previously shown (7) 
that in the fasting state, in which an accumulation of C. units might be 
thought to exist, little dilution of the injected C, label occurred. If fatty 
acid formation requires the simultaneous participation of active glycolytic 
reactions, the seemingly related sterol synthesis reactions could be sus- 
pected to be dependent upon active glycolysis. Since in the diabetic rats 
there was little interference with cholesterologenesis and none was reported 
by others (3, +) in slices, it is concluded that cholesterol-synthesizing en- 
zymes are less dependent upon the reactions that so greatly affect fatty acid 
formation. A decreased availability of glycerolin the diabetic rat for 
union with newly formed fatty acids could of course further differentiate 
between the lipogenic reactions of fatty acid and cholesterol synthesis. 
That glycerol may be a limiting factor is suggested by the mammary gland 
slices of others (11). 


SUMMARY 


Acetate-1-C' label incorporation has been studied in control and diabetic- 
intactrats. The defect in fatty acid lipogenesis of the diabetic rat has been 
confirmed. Incorporation of label into cholesterol fractions of liver, gut, 
carcass, and skin approximated control figures. Tissue cholesterol concen- 
trations of diabetics were essentially identical to control figures. The data 
suggest that cholesterologenesis remained unaltered in these alloxan-di- 
abetic preparations. The incorporation of label into fatty acids of the 
lasted or non-fasted diabetic rat is of the same order of magnitude as the 
incorporations of fasted control rats. 
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METABOLISM OF CHOLESTEROL IN SCORBUTIC 
GUINEA PIGS 


Bry BHAVANI BELAVADY ann SACHCHIDANANDA BANERJEE 
(From the Department of Physiology, Presidency College, Calcutta, India) 


(Received for publication, January 25, 1954) 


Bloch and his associates from their studies with isotopically labeled sub- 
stances have shown that acetic acid is the most important source of carbon 
and hydrogen in the synthesis of cholesterol (1-4). They have also shown 
that liver slices can synthesize cholesterol from acetate (5). Synthesis of 
cholesterol in vitro from acetate by the adrenal cortex, kidney, intestine, 
and skin has also been reported (6, 7). By the intravenous injection of 
sodium acetate labeled in the carbonyl C with C" in rabbits, it has been 
demonstrated by Popjék and Beeckmans (8) that liver, intestine, and ovary 
synthesize cholesterol from acetate. Hotta and Chaikoff (9) have reported 
that the high rate of incorporation of acetate into cholesterol by the livers 
of alloxan-diabetic rats is reduced by insulin. Becker et al. (10) have ob- 
served that, when guinea pigs suffering from mild and severe scurvy are fed 
labeled sodium acetate, the livers and adrenals contain cholesterol with 
higher specific activity. According to these authors ascorbic acid defici- 
ency does not impair the synthesis of cholesterol in the tissues. A dimin- 
ished cholesterol content of the adrenals in scorbutic guinea pigs, however, 
has been reported by Banerjee and Deb (11). 

As cholesterol seems to be the raw material for the synthesis of the hor- 
mones of the adrenal cortex and as the secretion of these hormones is dis- 
turbed during scurvy (12, 13), it seemed desirable to study the cholesterol 
content of the tissues of normal and scorbutic guinea pigs. Since choles- 
terol is formed in the body by processes using acetic acid, the ability of a 
scorbutic animal to acetylate injected p-aminobenzoic acid was also studied 
during the progress of scurvy. In order to prolong the survival period of 
the chronically scorbutic animals each of the guinea pigs received in addi- 
tion to the scorbutic diet a daily oral supplement of 0.25 mg. of ascorbic 
acid, 

EXPERIMENTAL 

Male guinea pigs, varying between 250 and 300 gm. in weight, were fed a 
scorbutic diet (14). Each of the animals was also fed 5 mg. of ascorbic 
acid daily and 2 drops of a concentrate of vitamins A and D twice a week; 


those which grew well were selected for the experiment. 
Acetylation Studies—The animals were housed in individual metabolism 
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cages, and the urine of each animal was collected for 24 hours in a flask 
containing 5 cc. of 4 N hydrochloric acid. Each guinea pig received ap 
intraperitoneal injection of 1 mg. of p-aminobenzoic acid dissolved in 1 ¢¢ 
of water daily for 3 days, and the free and acetylated p-aminobenzoie acid 
excreted in the urine was estimated by the method of Bratton and Marshal] 
(15). After these studies were completed, the guinea pigs were fed only 
0.25 mg. of ascorbic acid per animal per day. At the end of 11 to 13 weeks, 


TABLE I 
Percentage of Acetylated p-Aminobenzoic Acid Excreted in Urine by Guinea Pigs 
Average of 3 days excretion. 


Normal (18) | Scorbutic (13) 
35 + 1.6 19 + 2 
Difference of means............ 16.0 
Standard error of difference..... 2.56 
6.25 


The figures in parentheses indicate the number of animals used. 


TABLE II 


Percentage of Acetylated p-Aminobenzoic Acid Excreted in Urine by Guinea Pigs 
during Development of Scurvy 


Average of 3 days excretion. 


After receiving 0.25 mg. ascorbic acid 


5 mg. ascorbic 
acid supplement) 
2 wks. 4 wks. 7 wks. 9 wks. liwks. 13 wks. 
36 + 1.5 | 40+ 2.8 | 38 + 2.2) 3043.2 2542.5 24 + 18 + 3.7 
(10) (10) (8) (8) (7) (7) (4) 
1.1 1.7 3.9 3.8 5.4 


The figures in parentheses indicate the number of animals. 


when all of the animals developed signs of severe scurvy, the acetylation 
studies were repeated. The results are given in Table I. In some guinea 
pigs the acetylation studies were carried out for a period of 3 days during 
the time they received the supplement of 0.25 mg. of ascorbic acid. The 
results are reported in Table IT. 

Estimation of Cholesterol Content of Blood—After the acetylation studies 
were completed, the guinea pigs were fasted overnight, blood samples were 
taken from the heart, and free and total cholesterol was estimated by the 
method of Sobel and Mayer (16) before and after hydrolysis of the alcohol- 
acetone extract of blood. The results are presented in Table III. 
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Estimation of Cholesterol Content of Tissues—When the guinea pigs had 
developed severe scurvy at the end of 11 to 13 weeks, they were fasted over- 
night and killed the next morning by decapitation. Others which were fed 
the scorbutic diet with the oral supplement of 5 mg. of ascorbic acid for the 


TaB_Le III 
Blood Cholesterol of Guinea Pigs 
Results in mg. per 100 ce. of blood. 


| After receiving 0.25 mg. ascorbic acid 


5 mg. ascorbic acid | 
supplement (8) | 


| Qwks. (8) | 4.wks. (7) 7Twks. (7) | 9 wks. (6) | 11 wks. (4) | 13 wks. (4) 

seid Total Total | | Total | Total at Total Total 
42 | +1 | +3) #3 | | | | | +2/42 +2 


The figures in parentheses indicate the number of animals. 


TABLE IV 
Cholesterol Content of Guinea Pig Tissue 
The results for adrenals are in mg. per 1 gm. and for the other tissues in mg. per 
100 gm. 


| Normal guinea pigs (8) Scorbutic guinea pigs (7) t 

| Total Esterified Total Esterified | Total Esterified 
49+ 3 44+ 8 14+ 3 9 4 
278 + 13 37 + 5 391 4+ 29 562412 5 2 
316 + 11 47 + 4) 3204+ 12 50+ 6 0.3 0.5 
40 + 2434+ 11 352 3 0.7 1.4 
588 + 21 79 + 9 | 365 + 26;19+ 9 7 5 
| 530 + 36 114 + 18 | 359 + 38 244+ 10 3 5 
Testes | 8 | 45+ 3 390+ 33 3424+ 4 6 2.5 


The figures in parentheses indicate the number of animals. 


same period of time were also killed. The tissues of these animals were 
removed from the body, the adherent blood was removed with a filter paper, 
and the tissues weighed. The cholesterol was extracted by the method of 
Sobel and Mayer (16). The results are given in Table IV. 


DISCUSSION 


When 1 mg. of p-aminobenzoie acid was injected intraperitoneally into 
hormal guinea pigs, only 35 per cent of the excreted p-aminobenzoic acid 
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was in the acetylated form. Guinea pigs thus excreted less acetylated p. 
aminobenzoic acid compared to rats (17). The excretion was not signif. 
cantly altered during the 7 weeks when the animals received the scorbutic 
diet with the supplement of 0.25 mg. of ascorbic acid. Along with the de- 
velopment of signs of scurvy this excretion gradually diminished, and when 
the animals developed severe scurvy they excreted only 19 per cent of the 
injected p-aminobenzoic acid in the acetylated form. This indicated that 
in guinea pigs the capacity to acetylate was very much decreased during 
the progress of scurvy. 

The total and esterified blood cholesterol of normal guinea pigs was 75 
and 20 mg. per 100 cc. of blood respectively. A statistically significant in- 
crease in these values was observed during the 4 weeks the animals received 
the scorbutic diet with the daily oral supplement of 0.25 mg. of ascorbic 
acid. When the animals developed severe scurvy during the 11th and 13th 
weeks, although there was no change in the total blood cholesterol, the 
esterified cholesterol values of blood decreased significantly. The acetyla- 
tion studies and estimation of blood cholesterol showed no definite relation- 
ship during the early stages of scurvy. In the beginning, when the choles- 
terol content of blood increased, acetylation was normal, but when the 
animals developed severe scurvy not only did acetylation diminish, but 
the esterified cholesterol content of the blood also decreased. The choles- 
terol content of the different tissues varied differently in the scorbutic ani- 
mals; it diminished in the adrenals, spleen, and lungs considerably during 
scurvy. This may be due either to diminished synthesis by these tissues or 
to reduced transport. The lowered urinary excretion of 17-ketosteroids 
by scorbutic guinea pigs (12, 18) indicates a hypofunction of the adrenal 
cortex of these animals, which might be due to the lowered adrenal choles- 
terol from which the steroid hormone is produced. The increase in the 
cholesterol content of the testes during scurvy is associated with degenera- 
— ted interstitial cells in the testes, as has been observed by Mukherjee and 
Banerjee from this laboratory.!. This increased cholesterol might be due 
to its non-utilization for the formation of the steroid hormone of the testes 
as a result of the death of the cells concerned in its production. The in- 
creased cholesterol content of the small intestine might be due to either 
increased synthesis or accelerated transport. Liver and kidney, however, 
showed no change in the cholesterol content during scurvy. The rdle of 
ascorbic acid in the metabolism of cholesterol, however, is not clear. 


SUMMARY 


1. Chronic scurvy was produced in guinea pigs by feeding a scorbutigenic 
diet together with a daily oral supplement of 0.25 mg. of ascorbic acid. 


1 Mukherjee, A., and Banerjee, S., unpublished data. 
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9. The ability of guinea pigs to acetylate injected p-aminobenzoic acid 
was studied when they received a normal diet and also when they developed 
survy. During the progress of scurvy the animals acetylated a lesser 
amount of p-aminobenzoic acid. 

8 Blood cholesterol, free and esterified, was determined in normal guinea 
pigs and also when they were developing scurvy. While blood cholesterol 
increased during the early period of the experiment, it became normal in 
the later stages when the animals became scorbutic. 

4, The cholesterol content of adrenals, spleen, lungs, small intestine, 
testes, liver, and kidney was estimated in normal and in chronically scor- 
butic guinea pigs. While the cholesterol content of adrenals, spleen, and 
lungs diminished, that of testes and small intestine increased significantly 
during scurvy. Liver and kidney showed no change in cholesterol content. 

5. The disturbed cholesterol metabolism in a vitamin C-deficient animal 
might be responsible for the hypofunction of the adrenal gland. 


The authors are indebted to the Glaxo Laboratories (India), Ltd., for 
the supply of concentrates of vitamins A and D (Adexolin). 
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ENZYMATIC MECHANISM OF CREATINE SYNTHESIS* 


By G. L. CANTONI anv P. J. VIGNOS, Jr.t 


(From the Department of Pharmacology, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, March 1, 1954) 


It is well established that the last step in the biosynthesis of creatine 
involves the methylation of guanidinoacetic acid.! This conclusion is 
based upon experimental evidence derived from two independent lines of 
investigation. By application of the isotopic tracer technique, du Vigneaud 
et al. (2) have demonstrated that the methyl group in creatine is derived 
from L-methionine; furthermore, these authors obtained conclusive evi- 
dence that, in vivo, the methyl group of L-methionine is transferred to the 
methyl acceptor as a unit. In an independent study of this transmethyla- 
tion reaction zn vitro, Borsook and Dubnoff (3) reached similar conclusions 
using guinea pig liver slices. Subsequently (4), these authors have shown 
that cell-free liver homogenates fortified with adenylic acid and an oxidiz- 
able substrate such as a-ketoglutaric acid are able to form creatine under 
aerobic conditions. It was assumed by these authors and by others 
(5, 6) that these requirements were a reflection of the endergonic nature 
of this transmethylation reaction and an indication of the ability of ATP 
to serve as an energy source in this system. These conclusions appeared 
to have been borne out by the findings of Cohen (5) that the methylation 
of guanidinoacetic acid proceeds anaerobically in the presence of ATP 
and Mgt. 

The biosyntheses of creatine and N'-methylnicotinamide are similar. 
In both cases the methyl group is derived from L-methionine and, further- 
more, ATP and Mg** are required. Recent investigations (6, 7) have 


* Fifth paper of a series on enzymatic mechanisms in transmethylation. This in- 
vestigation was supported in part by grants-in-aid from the Williams-Waterman 
Fund for the Combat of Dietary Diseases of the Research Corporation of New York 
and from the American Cancer Society. Presented in part at the Forty-third an- 
nual meeting of the American Society of Biological Chemists, New York, April, 
1952 (1). 

t Fellow of the United States Public Health Service. Present address, Depart- 
ment of Medicine, School of Medicine, Western Reserve University, Cleveland, 
Ohio. 

‘The following abbreviations are used: GA, guanidinoacetic acid or guanidino- 
acetate; AMe, S-adenosylmethionine, 7.e. active methionine; ASR, adenosylhomo- 
cysteine; NMeN, N'-methylnicotinamide; ATP, adenosinetriphosphate; ADP, 
adenosinediphosphate; GSH, reduced glutathione; IP, orthophosphate; Tris, tris- 
(hydroxymethyl)aminomethane. 


647 


648 CREATINE SYNTHESIS 


clarified the enzymatic mechanisms involved in the biosynthesis of NMeX } 


and have indicated that this transmethylation reaction proceeds in a step. 
wise fashion according to Reactions 1 and 2 which, respectively, are cat. 
alyzed by the methionine-activating enzyme and by nicotinamide methy). 
pherase. 


Mg**, GSH 


(1) .-Methionine + ATP — S-adenosylmethionine + 3IP 
(2) AMe + nicotinamide — NMeN + S-adenosylhomocysteine 


(1) + (2), t-methionine + ATP + nicotinamide — NMeN + 3IP + ASR 


It has been estimated (8) that the methylsulfonium bond in AMe and 
other sulfonium compounds is energy-rich and, tentatively, it has been 
assumed that the onium bond energy might account for the biological 
lability of the methyl group in AMe. 

It has been suggested (8) that the activation of methionine might be a 
prerequisite to the transfer of its methyl group to any one of a variety of 
methyl] acceptors. According to this hypothesis the biosynthesis of crea- 
tine from L-methionine, ATP, and GA should involve the coupling of Re- 
action 1 with Reaction 3. 


(3) AMe + GA — creatine + ASR + Ht 


GSH 
(1) + (3), L-methionine + ATP + GA Mg = creatine + ASR + H* + 3IP 


Preliminary experiments gave indications that, indeed, creatine syn- 
thesis followed this pattern, and it was considered of interest to study the 
synthesis of creatine from GA and AMe in more detail. A soluble en- 
zyme? which catalyzes Reaction 3 has been found in cell-free extracts of 
guinea pig, rabbit, beef, and pig liver. The enzyme from pig liver has 
been purified approximately 20-fold by means of ammonium sulfate frac- 
tionation followed by treatment with alumina Cy. The partially purified 
enzyme is free of methionine-activating enzyme and of nicotinamide 
methylpherase. Glutathione or other reducing substances are required 
for the optimal activity of the enzyme. No evidence has yet been ob- 
tained to indicate the participation of metal ions or other cofactors in the 
reaction. 

Creatine was conclusively identified as one of the products of the en- 
zymatic reaction by (a) the close agreement in its chemical determination 
by two different methods, namely, the a-naphthol-diacetyl reaction and 
the Jaffe alkaline picrate test, (b) the ability of the reaction product to 

2 By analogy with the nomenclature adopted in earlier studies of this series, the 


enzyme catalyzing Reaction 3 will be referred to as guanidinoacetate methylpherase 
(GA methylpherase). 
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function as a substrate for creatine kinase, an enzyme which catalyzes 
Reaction 4 
(4) Creatine + ATP = creatine phosphate + ADP + H+ 


and (c) the isolation of creatinine as the potassium picrate double salt 
from the protein-free filtrate obtained in a large scale enzymatic run. 


EXPERIMENTAL 
Enzyme Preparations 


GA Methylpherase—GA methylpherase was found in cell-free extracts 
of rabbit, guinea pig, beef, and pig livers. Pig liver extracts were selected 
for purification. For preparation of the enzyme fresh pig liver was ob- 
tained at the slaughter-house, packed in ice, and brought to the laboratory 
in a vacuum container. AJl the manipulations were carried out in a cold 
room maintained at 2°. The purification may be interrupted after each 
ammonium sulfate fractionation and the preparation can be stored at —20° 
as an ammonium sulfate paste. The liver was diced, rinsed free of excess 
blood with a buffer solution (sodium acetate 0.075 m, pH 5.0), weighed, 
and homogenized in a Waring blendor with 2.5 volumes of the same buffer 
solution. Next the homogenate was centrifuged at 9000 r.p.m. for 30 
minutes. The supernatant material, which was slightly opalescent, was 
packed in ice and solid ammonium sulfate was added slowly with mechani- 
cal stirring (19.5 gm. per 100 ml.). The precipitate was removed by cen- 
trifugation in a Servall high speed centrifuge and discarded, and am- 
monium sulfate (10.5 gm. per 100 ml.) was added to the supernatant 
solution. The precipitate collected as above contained essentially all 
of the activity. For further purification the ammonium sulfate paste 
was dissolved in a small volume of 0.10 m sodium acetate and dialyzed for 
3 hours against running 0.05 m acetate buffer, pH 5.6. At the end of 
the dialysis an inactive precipitate was removed by centrifugation. The 
protein content of the supernatant material was then determined, and the 
protein concentration was adjusted, by dilution with the same acetate buf- 
fer, to 20 mg. per ml.; 0.33 volume of alumina Cy (dry weight, 35 mg. per 
ml.) was added, with good mechanical stirring, the suspension was cen- 
trifuged at 3000 r.p.m., and the supernatant fluid discarded. The residue 
was eluted four times with phosphate buffer (0.0125 m, pH 6.35), a volume 
of buffer equal to that of the alumina Cy suspension being used each time. 
The eluates having the highest specific activity, usually the first two, were 
pooled, and the pH of the solution was adjusted to 7.2 with dilute NaOH, 
and then buffered at this pH by addition of 0.05 volume of 2 m phosphate 
buffer, pH 7.2. Next, saturated ammonium sulfate, pH 7.2, was added 
to 47.5 per cent saturation and the inert precipitate removed at high speed 
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centrifugation as above. Solid ammonium sulfate was added slowly with 
stirring to the supernatant solution (1 gm. for each 10 ml.) and, after 3 
minutes, the precipitate was collected by centrifugation. The precipitate 
was dissolved in dilute phosphate buffer (pH 7.4) and, if convenient, di. 
alyzed against 0.05 m KCI or 0.025 m phosphate buffer (pH 7.4) for 3 hours 
The results from a representative run are presented in Table I. 

Other Enzyme Preparations—Creatine kinase was prepared from a water 
(2.5 volumes) extract of rabbit muscle. The muscle extract was dialyzed 
against running distilled water for 12 hours in the cold. A heavy floc. 
culent precipitate formed and was discarded and the supernatant material 
was fractionated by ammonium sulfate. The fraction which precipitated 


TABLE I 
Preparation of Guanidinoacetate Methylpherase from Pig Liver 


Units per ml.* Specific activity Yield 
units per mg. protein per cent 
Acetate buffer extract............. 1.1 0.034 100 
Ammonium Sulfate Ppt. I (25-40% 
Treatment with alumina Cy 
2.38 1.7 25.6 
0.83 1.66 9 
Ammonium Sulfate Ppt. II (48-65% 


*1 unit = 1 uo of creatine formed in 120 minutes at 37°. 


between 60 and 70 per cent saturation’ was collected and dissolved in cold 
0.85 m NaCl. The ATPase activity of this fraction was very slight and 
could be reduced to insignificant values by dilution. 

The preparations of nicotinamide methylpherase and of methionine- 
activating enzyme were as described earlier (7, 9). 

Chemical Preparations—S-Adenosylmethionine was prepared enzymat- 
ically and purified as described by Cantoni (9). Unless indicated the 
preparation of AMe contained L-methionine, but was free of organic and 
inorganic phosphate compounds and of Mgt+. Preparations of AMe, 
free of methionine and approximately 80 per cent pure (AMe 80), obtained 
by paper chromatography were used in some of the experiments. Guan- 
idinoacetic acid obtained commercially was recrystallized from water 
before use. Reduced glutathione and ATP were commercial preparations. 


360 per cent saturation = 42.3 gm. per 100 ml. 
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p-Chloromercuribenzoic acid and methionine methylsulfonium iodide were 
generously supplied by Dr. T. Singer and Dr. R. McRorie. Alumina Cy 
was prepared as described by Bauer (10). 

Measurement of Enzyme Activity—The reaction was carried out in small 
test-tubes. The cold enzyme solution was added to the reaction mixture 
at room temperature and the reaction run for 60 to 120 minutes in a water 
bath at 37°. Under the conditions of the assay the activity of the enzyme 
was linear with time and proportional to enzyme concentration (Fig. 1). 


i L 


ym CREATINE FORMED / ml R.M. 


125 - 


0.2 03 
mi ENZYME / mi R.M. 
Fic. 1. Relationship of enzyme concentration to activity 


After stopping the reaction by the addition of trichloroacetic acid, an 
aliquot of the protein-free filtrate was autoclaved in 0.5 Nn HCl for 30 min- 
utes at 15 pounds pressure and the resulting creatine determined by Bor- 
sook’s modification (11) of the alkaline picrate method of Folin (12). 
The amount of creatine formed was determined by the difference be- 
tween the color developed in the complete system and that developed 
in a duplicate sample in which AMe had been added after the completion 
of the incubation. This procedure was aimed at correcting for any pre- 
formed creatine, as well as for any chromogenic material derived from 
guanidinoacetic acid. In addition, a variety of control experiments were 


performed to make sure that the increase in creatinine was in reality due 
to creatine synthesis and not to the formation of chromogenic ‘creatine’’- 
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like substances derived from AMe, GA, or the enzyme preparation itself | 
Under the experimental condition used there was no detectable increage jp 
chromogenic material unless all of the components of the reaction mixture 
were added (Table IT). 

Specificity and Properties of GA Methylpherase—It was found that the 
activity of GA methylpherase is a function of the concentration of the | 
substrate both with regard to GA and to AMe. In the presence of an | 
excess of the acceptor, GA, the transfer of the methyl group of S-adenosyl- 
methionine appears to go to completion as indicated by the stoichiometric 
relationship between the amount of substrate furnished and the amount 
of creatine formed. Likewise, in the presence of an excess of the methy! 


TABLE II 
Enzymatic Methylation of Guanidinoacetate 


Components of system, 0.15 ml. of guanidinoacetate methylpherase (Cy eluate 
pool containing 1.75 mg. of protein) in a final volume of 0.8 ml. The complete sys- 
tem contained GA, 0.0033 m; AMe, 0.0021 m; BAL, 0.00016 m; and Tris buffer, pH 
7.4,0.1m. Incubation time, 60 minutes at 37°. The results are expressed as micro- 
moles of creatine formed per ml. of enzyme preparation per hour. 


Creatine formed Per cent of complete system 
Complete system..................... 1.10 100 


donor, all of the guanidinoacetate supplied can be methylated to creatine 
(Table IIT). 

A number of S-methyl compounds related chemically to AMe, such as 
adeninethiomethylpentose, and methionine methylsulfonium iodide were 
tested for their ability to function as methyl donors in this system; only 
AMe was active as a methyl donor. t-Methionine was not active as a 
methyl donor, either in the presence or in the absence of ATP and Mg*. 
However, when the system was supplemented with a preparation of methi- 
onine-activating enzyme from rabbit liver, creatine synthesis was readily 
achieved, thus providing excellent support for the reaction mechanism 
described in Reactions 1 and 3 (Table IV). 

The specificity of the enzyme for the methyl acceptor has been tested 
only with respect to nicotinamide; this compound was not methylated 
in this system. 

The pH optimum for the reaction was found to be around 7.5; phos- 
phate, bicarbonate-CO., and tris(hydroxymethyl)aminomethane can be 
used to buffer the reaction mixture. 
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TaBLeE III 


Equivalence of Guanidinoacetic Acid and S-Adenosylmethionine Utilization 
to Amount of Creatine Formed 


0.3 ml. of enzyme in a final volume of 1.0 ml. Tris buffer, 0.1 m, pH 7.5; BAL, 
0.0002 m; AMe 80 and GA added as micromoles per ml. of reaction mixture as indi- 
eated. Incubation time, 180 minutes at 37°. The results are expressed as micro- 
moles of creatine formed per ml. of reaction mixture. 


Experiment A* Experiment Bf 
Additions Additions 
Creatine formed 
GA | AMe 80 AMe 80 GA 
per cent AMe 80 

2.5 
0.085 1.7 0.084 0.2 2.5 0.17 84.0 
0.17 ae 0.169 0.36 2.5 0.31 87.2 
0.26 ae 0.284 0.48 2.5 0.44 91.2 
0.34 0.351 0.6 2.5 0.53 89.0 
0.42 1.7 0.423 0.9 2.5 0.73 82.0 
1.2 2.5 0.96 80.0 


* Enzyme (Ammonium Sulfate I1) containing 9.1 mg. of protein per ml. 
¢t Enzyme (Ammonium Sulfate I) containing 60.4 mg. of protein per ml. 


TABLE IV 


Synthesis of Creatine by Coupling of Methionine-Activating Enzyme 
and GA Methylpherase 


The reaction mixture contains ATP, 0.013 mM; L-methionine, 0.02 m; GSH, 0.001 
m; MgCl, 0.166 m; Tris buffer, pH 7.4, 0.075 mM; Enzyme 1 and Enzyme 2 as indicated. 
Enzyme 1 (methionine-activating enzyme) contains 22 mg. of protein per ml.; En- 
zyme 2 (guanidinoacetate methylpherase) contains 6.0 mg. of protein per ml. Final 
volume, 1 ml. Incubation time, 120 minutes at 37°. The results are expressed as 
micromoles of creatine formed per ml. of reaction mixture per 120 minutes. 


Enzyme 1 Enzyme 2 Creatine formed 
ml, ml, 
0.15 0.0 
0.025 0.15 0.8 
0.05 0.15 0.975 
0.1 0.15 0.975 
0.1 0.0 
0.1 0.025 0.32 
0.1 0.05 0.56 
0.1 0.1 0.85 


MN. itself, 

mixture 

hat the 

of the 

e of an 


654 CREATINE SYNTHESIS 


Borsook and Dubnoff (4) observed that addition of cyanide was jp. 
hibitory to creatine synthesis in liver homogenates. Inasmuch as thege 
authors also found that oxygen was an absolute requirement for creatine 
synthesis, it was not clear whether cyanide inhibition was due to disruption 
of the aerobic generation of energy-rich phosphate compounds or to inter. 
ference with the transmethylation reaction itself. On reinvestigation jt 
was found that cyanide not only is not inhibitory but, in fact, stimulated 
the activity of GA methylpherase. In addition, other reducing com. 
pounds such as glutathione, cysteine, and BAL increased the activity of 
the enzyme. The activation by —SH and other reducing compounds 
became more pronounced as the degree of purification of the enzyme 


TABLE V 
Reversible Inactivation of Guanidinoacetic Methylpherase by 
p-Chloromercuribenzoic Acid 

0.1 ml. of guanidinoacetate methylpherase enzyme, Ammonium Sulfate I con. 
taining 11.7 mg. of protein; Tris buffer, pH 7.4, 0.01 mM; guanidinoacetic acid, 0.003 
M; S-adenosylmethionine, 0.004 m; glutathione, 0.005 m. Incubation time, 60 min- 
utes at 37°. The results are expressed as micromoles of creatine formed per ml. of 
enzyme. 


Preliminary treatment of enzyme GSH Creatine formed 
p-Chloromercuribenzoic acid*......... _ 0 
(fol- 


* 0.001 m; 45 minutes at room temperature. 


increased. Thus the activity of crude liver homogenates was not in- 
creased by the addition of —SH reagents; there was a moderate activation 
of the initial ammonium sulfate fraction and a very marked activation 
of the alumina Cy eluates, or the ammonium sulfate fractions obtained 
from them. Further evidence for the dependence of GA methylpherase on 
the presence of free —SH groups for activity was obtained by use of 
p-chloromercuribenzoic acid. This reagent at a concentration of 1 X 10° 
mM caused complete inhibition of creatine synthesis. This inhibition could 
be reversed quantitatively by subsequent addition of glutathione in suf- 
ficient excess (Table V). 

Cat+ or Mg* is not required in the reaction catalyzed by GA methy!- 
pherase; sodium fluoride, folic acid, and Leuconostoc citrovorum factor 
have no effect on the activity of the enzyme. 

Evidence for Formation of Creatine—Studies of creatine synthesis have 
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been severely handicapped by the lack of a specific micromethod for crea- 
tine determination. ‘Two methods are available for the determination of 
creatine: one is based on the a-naphthol-diacetyl reaction for creatine (13); 
the other depends on the conversion of creatine to creatinine and deter- 
mination of the latter by the Jaffe alkaline picrate reaction. GA inter- 
feres in both determinations; the degree of interference, however, is dif- 
ferent. Different also are the specificities of the two determinations. It 


js well known that the determination of creatine, after conversion to 
ereatinine, by the Jaffe alkaline picrate reaction, is fraught with pitfalls. 


In earlier studies (4, 5, 14, 15) one of the principal sources of difficulty 
was the frequent occurrence in crude homogenates of a-keto acids in gen- 


TaBLeE VI 
Creatine Synthesis As Determined by Two Methods 


0.3 ml. of GA methylpherase; Ammonium Sulfate I containing 25.3 mg. of protein 
ina final volume of 1.0 ml.; AMe, 0.0018 m; GA, 0.0026 m; Tris buffer (pH 7.4), 0.075 


u; GSH, 0.001 m. Incubation time, 60 minutes at 37°. The results are expressed 
as micrograms of creatine formed per ml. of reaction mixture per hour. 
Creatine determination 
Incubation time 
Method I* Method IIf 
min, 
0 115 31.4 
60 195 121 


* Alkaline picrate method of Borsook (11). 
ta-Naphthol-diacetyl method of Ennor and Stocken (16). 


eral and of a-keto-y-methiolbutyric acid in particular; when treated with 
alkaline picrate these a-keto acids give rise to chromogenic products which 
are indistinguishable from those produced by creatinine. Treatment with 
Lloyd’s reagent, however, appears to reduce greatly errors from these 
sources (5). 

Direct determination of creatine by the a-naphthol-diacetyl reaction 
is not particularly suitable for routine use with this system because the 
presence of —SH groups interferes with the color development. Such 
interference can be overcome, however, by appropriate treatment with 
p-chloromercuribenzoic acid, as suggested by Ennor and Stocken (16). 
In view of the relative lack of specificity of the two methods it appeared 
desirable to measure simultaneously the formation of creatine by the two 
methods. Table VI shows the result of such an experiment. The values 
obtained for creatine synthesis as determined by the two methods agree 
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within 10 per cent. These results present strong support for identification 
of creatine as one of the products of the GA methylpherase reaction. 
However, it was believed important to identify creatine more directly. 
It is known that in the presence of creatinekinase, ATP will phosphorylate 
creatine to form creatine phosphate. The substrate specificity in this 
case is very high, guanidinoacetate and other guanidino compounds being 
inactive in the system. As is well known, phosphocreatine is very labile 
at acid pH and is completely hydrolyzed to orthophosphate and creatine 
during the course of the procedure employed for phosphorus determination 


TABLE VII 


Formation of Creatine As Demonstrated Enzymatically by Means 
of Creatine Kinase 


0.1 ml. of creatine kinase containing 60 y of protein; ATP, 0.004 m; borate buffer, 
pH 9.1, 0.068 mM; MgCl., 0.01 m. Additions as indicated. Incubation time, 15 min. 
utes at 37°. The results are expressed as micrograms of ‘‘orthophosphate’”’ formed 
per ml. of reaction mixture. 


Additions “Orthophosphate”’ formed 

Product of guanidinoacetate methylpherase, Reac- 

tion Mixture 2 (0.25 mil.)*....................... 6.40 

Reaction Mixture 1, controlf...................... 0.60 


* Reaction Mixture 2 deproteinized at end of incubation and concentrated. | 
ml. contained 3.5 um of creatine, as determined by the alkaline picrate method. 

ft Reaction Mixture 1 deproteinized at zero time and concentrated to same volume 
as Reaction Mixture 2. Reaction Mixtures 1 and 2 are the same as the complete sys- 
tem of Table II. 


(17). Thus, if creatine were formed by the GA methylpherase reaction, 
addition of a suitable aliquot of the incubated reaction mixture to creatine 
kinase in the presence of ATP and Mg** at pH 9.0 should result in the 
formation of phosphocreatine which can be determined as ‘‘apparent ortho- 
phosphate.” Table VII describes the result of such an experiment from 
which it is concluded that creatine is the product of the enzymatic methyla- 
tion of GA. 

Isolation of Reaction Product and Identification As Creatinine Potassium 
Picrate—The purified enzyme (3 ml., 66 mg. of protein) was incubated with 
AMe (190 um), GA (380 um), BAL (0.01 ml.), and glycylglycine buffer ins 
final volume of 25 ml. for 4 hours at 37°. The reaction was terminated by 
addition of 0.1 volume of 100 per cent trichloroacetic acid. After cen- 
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ifugation, the supernatant solution was autoclaved in 0.05 n HCl for 30 
ninutes at 15 pounds pressure for conversion of the creatine present to 
seatinine. Next the creatinine was adsorbed on 1 gm. of Lloyd’s reagent 
snd eluted therefrom with 20 ml. of saturated BA(OH), as described by 
Bloch and Schoenheimer (18). In addition to creatinine the Lloyd eluate 
ontained an unidentified contaminant showing an ultraviolet absorption 
sith a maximum of 250 my. Prior to the crystallization of creatine as 
the potassium picrate double salt, it was deemed desirable to remove this 
ntaminant, since it also gave an insoluble derivative when treated with 
ricric acid. For this purpose the eluates were freed of barium, adjusted to 
oH 7.8 with dilute phosphate buffer, and passed through a Dowex 50 
+) column (15 X 45 mm.) which then was washed with 20 ml. of water. 
for elution 0.1 N HCl in 0.1 nN NaCl was used and the eluates were col- 
lected in 10 ml. lots. The first three fractions were discarded and the 
nxt nine were pooled. The combined eluates were adjusted to 0.1 per 
ent with respect to both potassium picrate and picric acid and crystal- 
ization was allowed to proceed in the ice box. After repeated recrystal- 
zations, approximately 15 mg. of the double salt were obtained. An 
aliquot was ground in Nujol and its infra-red absorption spectrum deter- 
mined in a Perkin-Elmer spectrophotometer. The material exhibited a 
gectrum practically identical to that given by an authentic sample of 
weatine potassium picrate and clearly different from the corresponding 
alt of guanidinoacetic acid anhydride. This provides further evidence 
for the formation of creatine as the product of the enzymatic methylation 
of guanidinoacetic acid. 


DISCUSSION 


On the basis df the evidence presented it appears justified to conclude 
that the enzymatic mechanisms involved in the biosynthesis of creatine 
conform to the pattern revealed earlier in studies of the methylation of 
nicotinamide. The two systems differ, of course, in the specificity and 
properties of the transmethylating enzymes, but the mechanisms for ac- 
tivation of methionine and for the transfer of the methyl group are pre- 
sumably the same in both cases. du Vigneaud et al. (2) have produced 
conclusive evidence that in vivo the methyl] group of methionine is trans- 
ferred as such to creatine. The exact mechanism underlying the migration 


ofthe methyl group is not yet known with certainty; in view of recent find- 
ings on the structure of AMe, it would appear reasonable to postulate 
that the methyl group might migrate as a positively charged methyl- 
carbonium ion which could be transferred from the methyl donor either 
directly to the substrate or first to the enzyme catalyst and then to the 
substrate. 
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A comparison of Reactions 2 and 3 indicated that H+ formation! ac. 
companies the methylation of GA, but not that of nicotinamide. This js 
related to the fact that in the methylation of GA a tertiary amine is formed, 
whereas the methylation of nicotinamide results in the formation of a new 
onium compound containing a methylpyridinium bond. 

Liener and Schultze (19), Stekol et al. (20), and others (21, 22) have 
reported that vitamin Bys- or folic acid-deficient rats show decreased ability 
to methylate, as indicated by lowered creatine and N'!-methylnicotinamide 
synthesis. Since the réle of vitamin By and of folic acid, or its derivative, 
L. citrovorum factor, in the biosynthesis of methyl groups and in the syn- 
thesis of purines is well established, it would appear that these results 
might be related to decreased synthesis of methyl groups or of adenine 
nucleotides in the deficient animal. This conclusion is supported by the 
observation reported above that L. citrovorum factor, folic acid, or vitamin 
By had no effect on the enzymatic synthesis of creatine. However, the 
possibility that the enzyme guanidinoacetate methylpherase contains 
tightly bound L. citrovorum factor as its prosthetic group has not been 
ruled out. 

It would be anticipated that the product of demethylation of AMe 
should be adenosylhomocysteine. In fact, preliminary results® indicate 
that a compound having chemical properties expected for ASR can be 
detected by means of chromatographic techniques following the trans- 
methylation reaction. Further work aiming at the isolation and char- 
acterization of this demethylation product is in progress in this laboratory. 


SUMMARY 


1. The methylation of guanidinoacetic acid by S-adenosylmethionine to 
form creatine has been studied in partially purified preparations of pork 

liver. 

2, The enzyme, which is referred to as guanidinoacetate methylpherase, 
has been partially purified and some of its properties have been investi- 
gated. The partially purified enzyme requires reduced thiol groups for 
optimal activity. 

3. Creatine has been identified as a reaction product (a) by simultaneous 
determinations by two different methods, (b) enzymatically by means of 
creatine kinase, and (c) by conversion to creatinine and the isolation of 
creatinine potassium picrate. : 

4 Hydrogen ion formation was measured experimentally by running the reaction 
in a Warburg vessel and using bicarbonate-CO, buffers. It was clearly evident 
that H+ formation accompanied creatine synthesis, but the exact stoichiometric re- 
lationships could not be worked out because of the limited sensitivity of the method 


and the large amount of protein required. 
5 E. Scarano and G. L. Cantoni, to be published. 
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4. The mechanism underlying creatine biosynthesis has been discussed. 


The authors are very grateful to Dr. H. Hirschmann and Mr. John 
Corcoran for their help in the determination of the infra-red spectra and 
in the interpretation of the results obtained by this technique. It is a 
pleasure also to acknowledge the technical assistance of Mr. Robert R. 


Vaughn. 
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Allen and coworkers (1) have shown that the incidence of homologous 
serum jaundice is markedly reduced if liquid plasma is stored for a number 
of months at room temperature before it is used for transfusions. These 
observations emphasize the necessity of obtaining information concerning 
the effect of storage on the plasma proteins. Earlier observations (2-5) 
have dealt with various changes in the chemical and physicochemical prop- 
erties of liquid plasma on prolonged storage. In their description of a 
newer system of plasma protein fractionation, Cohn et al. (6) showed cog- 
nizance of the instability of certain protein components by recommending 
that precipitation should begin in less than 6 hours after the collection of 
the blood. Electrophoretic data on aging plasma are limited to random 
observations (7-10). This paper presents a detailed study of the changes 
in the electrophoretic patterns of liquid plasma stored at room temper- 
ature in the presence and absence of glucose. 


EXPERIMENTAL 


Blood was obtained from male subjects who served as donors in the 
University Hospital blood bank. Samples were collected in acid-citrate- 
dextrose solution (ACD), Sequestrene solution, or in silicone-coated tubes. 
The “silicone” plasma was allowed to clot, and the “‘serum”’ was collected. 
Seven ACD, one Sequestrene plasma, and three sera were studied during 
storage at room temperature. Sterile techniques were used in the separa- 
tion and storage of the samples. 

Dr. Sam T. Gibson of the American Red Cross provided ten aged liquid 
plasmas which had been stored at room temperature at the United States 
Naval Medical School, Bethesda, Maryland. These plasmas were pre- 
pared from blood collected in 4 per cent sodium citrate and were originally 
adjusted to contain 1 per cent glucose and 0.01 per cent merthiolate. An- 
other group of plasmas prepared from blood drawn into sodium citrate and 


* This investigation was supported by the Research and Development Division, 
Department of the Army, Office of the Surgeon General, under contract No. DA- 
49-007-MD-160. 
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aged at room temperature was made available by Dr. J. Garrott Allen of 
the University of Chicago clinic blood bank. 

Standard Tiselius technique was employed, with the diagonal edge and 
Rayleigh interference optics' for recording the boundaries. The protein 
concentrations after dilution of the plasma or serum with buffer solution 
(Veronal, pH 8.6 and I'/2 = 0.1) ranged between 1.1 and 2.5 gm. per 100 
ml. The solutions were enclosed in cellophane bags under slight pressure, 
leaving about 2 ml. of free space, and dialyzed for 12 to 35 hours with con- 
tinuous rocking of the bags. 


Results 


Observations during 1st Year of Storage—Electrophoretic patterns of aging 
plasma and sera are presented in Fig. 1. The first change occurs in the £- 
globulin region within 36 hours. At this time, a portion of the 6-globulin 
has increased its mobility and appears as a new peak between the remain- 
ing B-globulin and the a»-globulin. After 5 days the new component, 
designated as labile 6-globulin in this paper, migrates more rapidly and ap- 
pears closer to the a2-globulin. During the period between the 3rd day 
and 2 months of storage most of the patterns show a reversed ratio of the 
a - and 6-globulin areas. The distributions of the globulins and the rela- 
tive mobilities in plasma and serum from one subject during the early 
period of storage are presented in Table I. The proportion of the labile 
B-globulin in the total 8-globulin was calculated from the fringe counts 
before and after the change in mobility of the labile 6-globulin. 30 per cent 
of the total 8-globulin was labile in the plasma and 50 per cent in the serum 
of this subject. Similar analyses of two sera and three plasmas collected 
in ACD, all from different subjects, gave values for the per cent labile £- 
globulin of 50, 35, 40, 40, and 25, respectively. 

Typical patterns obtained during the Ist year of storage of plasma in 
ACD with and without additional glucose appear in Fig. 2 (a toh). The 
patterns a and e reveal the same effects of aging as are observed with the 
plasma collected in Sequestrene and the sera, the patterns of which are 
shown in Fig. 1 (f, 7, and 1). 

In four out of six plasmas which were stored for longer than 1 month, 
a component with a mobility between that of a:- and a2-globulin is ob- 
served. On the basis of the concentration data for the a-, a2-, and B- 
globulins, this component is considered to represent the labile 8-globulin, 
the mobility of which has increased beyond that of the a2-globulin. In 


1 The optical system of the Pearson model was adapted for recording Rayleigh 
interference patterns in conjunction with an 11 ml. cell which had duplicate windows 
fused laterally to the channels (made by the Pyrocell Manufacturing Company, 
New York). 


the 
ren 
all 
C 
e 
F 
Elee 
buffe 
ato) 
tion 
*silic 
cent 
howe 
l 


XUM 


H. HOCH AND A. CHANUTIN 663 


the remaining two plasma samples, the mobility of the labile 8-globulin 
remains similar to that of the a-globulin, and increased values for the 
a-globulin concentration are found for at least 2 months. At this time 
all globulin peaks begin to broaden, thus making accurate analyses of con- 


PLASMA (sequestrene) SERUM (silicone) 


days 144 hr 


Fig. 1. Early changes in plasma and serum during storage at room temperature. 
Electrophoretic patterns after 2 hours at 20 ma. in a standard 11 ml. cell; Veronal 
buffer at pH 8.6, '/2 = 0.1; left, ascending boundaries; right, descending boundaries. 
ato f, plasma collected in Sequestrene (1 mg. per 1 ml. of blood); protein concentra- 
tion 1.7 gm. per 100 ml.; g to j, “silicone”? serum from the same subject; k and 1, 
“silicone” serum from another subject; protein concentration 1.1 gm. per 100 ml. 


centration impossible. The relative mobilities of the boundary peaks, 
however, were measured and are summarized in Table IT. 
1 to 3 months after the mobility shift of the labile 6-globulin, changes 
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1U Per Cent OF total 


rate evaluation. 


descending, new component too close to a2-globulin for sepa 


t New component between ai- and a2-globulin; relative mobility, 0.78. 


glucose 


months 
0 e 


Fig. 2. Changes in plasma during Ist year of storage at room temperature. Elec- 
trophoretic patterns after 2 hours at 20 ma. in a standard 11 ml. cell; Veronal buffer 
at pH 8.6, r/2 = 0.1. atod, pooled plasma of three bloods collected in ACD; e to 
h, same pooled plasma adjusted to 5 per cent glucose. 


TABLE IT 
Relative Mobilities of Plasma Proteins during Storage for 1 Year at 20-30° 
Acid-citrate-dextrose. 


Range of relative mobilities,t measured from salt boundary 

Period 

Plasma No. of Ascending Descending 
storage* 

a B Y an are B 
mos. 

11 0.84-0.65-| 0.50— 0.51-/0.37-| 0.23- 
0.86 0.75 | 0.54 (0.47 | 0.29 0.81 0.72 | 0.52 10.42 | 0.29 
1+ 5% 12. 0.52— 0.24-0.81—0.61-| 0.49-/0.34-| 0.19- 
glucose 0.86 0.73 | 0.55 (0.47 | 0.34 (0.84 0.71 | 0.53 |0.43 | 0.31 
(0.58, (0.35) (0.58, (0.36, 
0.59) 0.58) 0.36) 
2 6.5 0.83-(0.67-| 0.51— |0.40-; 0.27—-0.81—0.63-| 0.47-/0.36-| 0.22- 
0.86 (0.70 | 0.55 (0.48 | 0.34 (0.84 (0.68 | 0.52 (0.44 | 0.31 
2+ 5% 10.5 (0.83-/0.68-| 0.53- |0.40-| 0.27-/0.81-/0.63-| 0.49-/0.37-| 0.24 
glucose 0.85 (0.71 | 0.55 (0.47 | 0.37 (0.84 (0.67 | 0.52 0.44 | 0.33 
(0.57) (0.40) (0.57) (0.34, 
0.39) 


* During this period, nine analyses were made on each sample. 

t Velocity of albumin = 1.00. 

{ The values in parentheses refer to B- and y-globulins at 10.5 or 12 months of 
storage when they exceeded the range indicated. 
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occur in the fibrinogen and the y-globulin, as indicated by an increase in 
their mobilities. After 10.5 months of storage, in the presence of glucose, 
the mobility of the residual -globulin also is increased. The relative 
mobilities of the a-globulins in all samples, as measured from the tips of 
the peaks, remain within narrow limits (Table II), although the concen- 


control 


Fig. 3. Changes in plasma on prolonged storage with and without glucose. Elec- 
trophoretic patterns after 86 (a to h) or 100 (t to 0) minutes at 7 ma. in a 2 ml. micro 
cell; Veronal buffer at pH 8.5, °/2 = 0.1. ato f, different pools of plasma collected 
in sodium citrate; contained 1 per cent glucose and 0.01 per cent merthiolate; 7 to 
n, different pools of plasma collected in sodium citrate; g and o, fresh plasma col- 
lected in Sequestrene. 
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trations change. ‘This change, particularly noticeable in plasma stored in 
5 per cent glucose-ACD for 10 months, has effected a shift of refractive 
area from the slower to the faster moving globulins. Before this time there 
is little, if any, difference between the patterns of plasma stored with or 
without glucose. In both, the fibrinogen is no longer distinguishable as a 
separate peak after 6 or 7 months. The albumin concentration does not 
change, but its mobility increases slightly. 

Late Changes (Fig. 3)—The electrophoretic patterns of plasma after 77 
months storage in the presence of 1 per cent glucose and 0.01 per cent 
merthiolate bear very little resemblance to those of fresh plasma. Of the 
two main components, which comprise more than 90 per cent of the re- 
fractive area, the faster probably corresponds to albumin. In eight out of 
the ten samples studied, this component is the largest in the pattern, but 
the fact that in one of the samples its proportion is considerably less than 
that of albumin in fresh plasma leaves the possibility open that albumin 
has been involved in the formation of the more slowly migrating compo- 
nent. The pattern of a 1:1 mixture of old and fresh plasma (Fig. 3) shows 
clearly the increased mobility of albumin in the old plasma. 

The patterns of plasma aging in sodium citrate alone are characterized 
by a remarkable preservation of the original distribution of the compo- 
nents. The following features may be noted: (1) Apart from the albumin 
peak, four globulin peaks are distinguishable after 99 months storage (the 
slowest component is identified with the y-globulin, the mobility of which 
had increased during storage); (2) as a consequence of the increase in 
mobility of the 8-globulin and of the fibrinogen, the refractive area in the 
region of the original a-globulins appears enlarged at the expense of slower 
components; (3) the boundary of the albumin is somewhat broadened and 
its mobility increased toward the end of the storage period. The increase 
in mobility of the albumin may be due to oxidation (11). 


DISCUSSION 


The changes in the 8-globulin observed after storage at room tempera- 
ture do not occur between 0—-4° (8, 10). In the authors’ experience, there 
is no change in the pattern within 10 days at 4°. A slight rise observed 
in the concentration of a2-globulin after 21 days at 4° was hardly outside 
the limits of error of the analysis. Ardry’s (10) data show only insignifi- 
cant changes after 1 month at 0°; after 2 months at 0° he observed a de- 
crease in the albumin, an increase in the a:-globulin, and a new component 
between the B- and y-globulins. Plasma heated at 50° for 3 hours has a 
pattern identical with that of the unheated control,? and the changes which 
follow on longer heating are quite unlike those seen after storage at room 


? Unpublished data. 
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temperature. The observation by Oncley and Gurd (12) that the mo. 
bility of isolated £,-lipoprotein increases on storage or dialysis suggests g 
relationship with the labile 8-globulin. 

Moore et al. (9) reported experiments which seem to indicate that changes 
which occur at room temperature are mainly concerned with the lipide 
content of the serum, whereas the changes produced by more drastic tem. 
peratures would seem to depend upon the denaturation of the proteins, 
One of their patterns, representing a serum which had been stored for 12 
days at room temperature, shows a large a2- and a small 8-globulin.  Simi- 
larly, Seudder (8) found a decrease in the 8-globulin-albumin ratio with 
samples that had been kept at room temperature or had been shipped about 
the country. The patterns reported by Krejci et al. (7) of “untreated” 
plasmas, several days old, also have larger a:-globulin than 6-globulin 
peaks. 

Two explanations could be proposed to account for the increase in the 
a»-globulin at the expense of the 6-globulin. Either portions of 6-globulin 
have combined with as-globulin or certain B-globulin molecules have ac- 
quired a greater mobility which coincides with that of the a»-globulin. 
The observation in the present experiments of boundaries with intermediate 
mobilities favors the second view. 


SUMMARY 


The changes in plasma and serum proteins during storage at room tem- 
perature were studied by electrophoresis. 

A portion of the 6-globulin comprising between 25 and 50 per cent of the 
total 8-globulin increased its mobility within 36 hours of storage and was 
distinguishable as a new component in the pattern. 

In plasma stored in sodium citrate alone for 8 years, the changes in the 
_ patterns were relatively small as contrasted with plasma stored in the 
presence of 1 per cent glucose for shorter periods of time. 


The authors wish to acknowledge the invaluable technical assistance of 
Richard R. Curnish, George H. Barr, Jr., and Titus Pankey, Jr. 
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MECHANISM OF TRYPTOPHAN SYNTHESIS IN 
NEUROSPORA* 


By E. L. TATUM anp DAVID SHEMIN 


| (From the Department of Biological Sciences, Stanford University, Stanford, California, 


and the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, February 15, 1954) 


Since the demonstration that the biosynthesis of tryptophan in Neuro- 
spora involves the condensation of indole and serine (1), considerable ad- 
ditional work has been done on the characterization of the enzyme system 


— responsible, the réle of pyridoxal phosphate as a coenzyme, and its genetic 


control in Neurospora (2-5). 

Two alternative condensation reactions have been suggested (1, 2), one 
involving an intermolecular dehydration, and the other an intramolecular 
dehydration analogous to that suggested for the conversion of serine to 
pyruvate (6). The present investigation was undertaken in an attempt 
to distinguish between these two possibilities. The results obtained with 
serine specifically labeled with deuterium, N'™, and C"™ are consistent with 
an intramolecular dehydration, followed by the addition of indole to the 
double bond of an intermediate similar to a-aminoacrylic acid. 


Methods 


Culture Methods—Cultures of wild type Neurospora crassa, SY7A, were 
grown for 3 days in minimal medium (7) with continuous shaking. About 
50 mg. (dry weight) of washed mycelium were then incubated in 50 ml. 
of distilled water containing 2.5 mg. of indole and either 50 or 100 mg. of 
pi-serine. Mycelia were used (1) in preference to cell-free preparations 
(3) to facilitate isolation of the formed tryptophan. A total of 10 mg. of 
indole and 200 mg. of serine was used in Experiment 1 and in Experiment 
2, but the serine level was increased to 400 mg. in Experiment 3 (Table II). 
After 24 hours incubation at 30° with constant shaking, the mycelium was 
removed by filtration, and the filtrates were combined. Tryptophan and 
indole were then determined by using colorimetric methods essentially as 
previously described (1). No indole remained at the end of these experi- 
ments. 

Isolation Methods—After addition of 100 mg. of unlabeled L-tryptophan, 
the tryptophan was isolated. In Experiments 1 and 2, tryptophan was 


*Supported in part by research grants, Nos. 2619 and 1128, from the National 
Institutes of Health, United States Public Health Service. 
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precipitated with HgSOx,, freed with H.O, and extracted with n-butanol 
In Experiment 3, tryptophan was adsorbed on treated Norit and eluted 
with phenol-acetic acid (8). In each experiment approximately 50 to 60 
mg. of tryptophan were recovered, and then recrystallized repeatedly from 
80 per cent ethanol. Analysis by paper chromatography showed the tryp. 
tophan from Experiment 3 to be chromatographically pure. 


Isotope Analysis—Both the serine and the isolated tryptophan were ana. | 
lyzed for D and N' by mass spectrometry, and for C™ by direct plating 


on aluminum disks and counting in a gas flow counter. 

Synthesis of Labeled Serine—N'*-Glycine was synthesized and converted 
to N'-pL-serine via ethyl hippurate, condensation with ethyl formate, and 
reduction, essentially as previously described (9) with the following modi- 
fications designed to introduce deuterium into the molecule. The N*. 


glycine was heated at 130° for 3 weeks in 100 per cent D.O containing DC) | 


made from SOCl, and D.O. The ethyl formy! hippurate was reduced with 
aluminum amalgam in ether by adding D.O. For Experiment 3, 400 mg. 
of the N'*-deuterioserine and 3 mg. of B-C'-serine were mixed. The latter 
was generously provided by Dr. H. Tarver. 

Degradation of Serine—Deuterium on the 8-carbon of serine was deter- 
mined by treatment with periodate and isolation of the formaldehyde as 
the dimedon derivative. 


Results 


Chemica! Synthesis and Isotopic Content of Serine—Although the intro- 
duction of deuterium into glycine prior to its conversion to serine proved 
unnecessary, it gave additional information on the mechanism of the chemi- 
cal synthesis of serine from glycine. As shown in Table I, the ethyl! hip- 
purate contained 13 atom per cent excess D, which would represent ap- 
proximately 85 atom per cent excess in the a position. After formylation 
and reduction the serine contained 12.7 atom per cent excess D, which 
from the analyses of the formaldehyde obtained on periodate treatment 
was equally distributed between the a- and 6-carbon atoms, with 45 atom 
per cent excess in 1 hydrogen in each position. It must be concluded that 
the enol form of ethyl formy] hippurate lost its a-deuterium and was then 
reduced to give a,6-deuterio-N-benzoylserine ethyl ester. 

Mechanism of Tryptophan Synthesis—The isotope content of the three 
tryptophan samples formed by Neurospora from labeled serine and indole 
is given in Table II. The figures for dilution relative to serine include 
any contributions from the mycelium of unlabeled serine and tryptophan 
and the dilution by carrier tryptophan added. The values for N™ dilu- 
tion agree reasonably well with those calculated from colorimetric deter- 
mination of the synthesized tryptophan. For example, in Experiment 3, 
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the calculated dilutions were as follows: colorimetric, 20; N°, 27; and C%, 
31. This agreement shows that deamination or transamination of serine, 
or of tryptophan, was negligible. 


TABLE 
Isotope Content of Glycine and Serine 
N15 Deuterium 
Compound Concentration; Concentration Concentration 
in compound | in compound in specific 
analyzed analyzed* positionsf 
tom t atom t 
Hippuric acid ethyl ester............... 13.0 85.0 (1-a) 
11.6 12.7 (3) | 44.5 (1-e, 1-8) 
Formaldehyde, dimedon derivative 
(g-carbon of serine).................. 1.99 (6) | 47.8 (1-8) 


* Average of number of determinations given in parentheses. 
+ Calculated from total per cent excess on assumption that the deuterium was 
present as indicated in parentheses. 


TaBLeE II 
Isotope Content of Tryptophan 
Deuterium Nis 
Experiment No. , Atom per A Atom per ae 
percent pitution* | percent | | pitution® | Dilution 
excess chain excess chain 
1 0.12 0.206 61.6 0.207 0.414 28 2.2 
0.18 0.308 41.2 0.226 0.452 26 1.6 
3t 0.154 0.264 48 .2 0.217 0.434 26.7 1.8 
Average..... 50.3 26.9 1.87 


* Calculated dilution relative to atom per cent excess in serine. 

t Ratio, (deuterium dilution)/(N!® dilution). 

t C“ values in disintegrations per minute per mg. obtained in this experiment were 
as follows: serine, 61,500; tryptophan, 1024; tryptophan side chain calculated as 
serine, 1990. Calculated dilution of tryptophan relative to serine, 30.7. 


The values given in the last column of Table II for the dilution of D 
relative to N'* approach a value of 2, with an average for the three experi- 
ments of 1.9. It should be pointed out that the serine-indole ratio in 
Experiment 3 was twice that used in Experiments 1 and 2, yet the D:N' 
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ratio was not affected. Since the deuterium was equally distributed be. 
tween the a- and 8-carbon atoms of the serine (Table I), this ratio of 2 ip. 
dicates the loss of 1 deuterium during the condensation with indole. | 
the condensation involved intermolecular dehydration between serine and 
tryptophan, no deuterium should be lost, thus giving a dilution ratio oj 
1.0. An intramolecular dehydration would lead to the loss of the a-dey. 
terium and give a dilution ratio of 2. Thus, the data appear consistent 
with the occurrence of an intramolecular dehydration of serine, with the 
loss of the a-D. 


DISCUSSION 


That the chemical synthesis of serine from glycine appears to involve 
formation and reduction of the enol form of ethyl formy! hippurate is of 
considerable interest. This compound would be expected to enolize read- 
ily. The indicated chemical reduction of the enol form of the formyl de. 
rivative suggests that the biological formation of serine (9-11) may involve 
the enzymatic reduction of the enol form of aminomalonic semialdehyde or 
a closely related compound of transient nature. 

The isotopic evidence reported in this paper confirms the biosynthesis 
of tryptophan from indole and serine by Neurospora and suggests that the 
a-D of serine is lost in the process. It has been found that no D was lost 
from the serine recovered from Experiment 3. This evidence, and the 
equivalent incorporation of N!> and C" in the tryptophan, suggests that 
the loss of the a-D is integrally involved in tryptophan synthesis. The 
possibility that this loss is a consequence of the pyridoxal phosphate catal- 
ysis rather than of intramolecular dehydration cannot be resolved by the 
isotope experiments reported. However, the simpler interpretation of the 
data would seem to involve the intramolecular dehydration of serine. 

The intramolecular dehydration of serine would suggest that an unsatu- 
rated compound related to a-aminoacrylic acid is involved in tryptophan 
synthesis. Such a compound has been proposed in the conversion of 
serine to pyruvate by Escherichia coli (6). If such an intermediate were 
involved, it would almost of necessity have to exist transitorily on the 
enzyme surface, since the predicted instability of the free compound would 
preclude its conversion to tryptophan. <A bound form of a-aminoacrylic 
acid might be the active form of serine indicated by the kinetic studies of 
Yanofsky (3) on the tryptophan-synthesizing enzyme.' In any case, the 
condensation of the intermediate compound with indole can most easily 
be visualized as the addition of the B-indolyl group and the a-H atom to 
the double bond. 


1 Although this enzyme has been named tryptophan desmolase (4), the more pre- 
cise and meaningful name, indoleserine ligase, is urged for future use. 


wor, 


Fl w 


— 


T 
inva 
T 
bee 
dens 
ad 
TI 
spore 
| 
ll 
KUM 


E. L. TATUM AND D. SHEMIN 675 


SUMMARY 


The chemical synthesis of serine from ethyl formyl] hippurate appears to 
involve the formation and reduction of the enol form of this compound. 

The incorporation of a,8-N'-deuterio-6-C-serine into tryptophan has 
been demonstrated with resting mycelia of Neurospora crassa. This con- 
densation has been shown to involve the loss of 1 deuterium atom from 
serine. 

The results suggest that the condensation of indole and serine in Neuro- 
spora involves the intramolecular dehydration of serine. 
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A KINETIC STUDY OF CYTOCHROME OXIDASE* 


By WALTER J. FRAJOLAT anp CARL S. VESTLING 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana, Illinois) 


(Received for publication, February 5, 1954) 


Spectrophotometric studies of the rate of the cytochrome oxidase-catal- 
yzed oxidation of reduced cytochrome c have indicated that the reaction is 
érst order with respect to the concentration of reduced cytochrome c (2-5). 
In such experiments at given initial substrate concentrations a plot of the 
logarithm of the concentration of reduced cytochrome c versus time shows 
a straight line behavior for short periods of time. Recently Hess and Pope 
(6) described an ultramicrospectrophotometric procedure for the assay of 
cytochrome oxidase which indicated that the reaction was zero order for a 
limited time. 

The present communication presents evidence that the oxidation of re- 
duced cytochrome c catalyzed by cytochrome oxidase is most satisfactorily 
explained by the combination first and zero order kinetics recently reviewed 
by Neurath and Schwert (7). Two applications of the technique and the 
kinetic interpretations are described along with (a) a comparison of the act- 
ivity of heat-treated and non-heat-treated cytochrome c and (b) a compari- 
son of the spectrophotometric and manometric methods for the study of the 
cytochrome c-cytochrome oxidase system. 


EXPERIMENTAL 
Preparation of Reactants 


Cytochrome c was prepared according to the standard method of Keilin 
and Hartree (8) with the following modifications: (a) the isolation was 
accomplished from frozen instead of fresh horse heart;! (b) the minced tissue 
was mixed with ice-cold trichloroacetic acid (200 gm. of tissue plus 200 ml. 
of 0.145 N acid) by treatment in a Waring blendor for 2 minutes; (c) the 


* From a thesis submitted by Walter J. Frajola in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy in Chemistry in the Graduate College 
of the University of Illinois, August, 1950. A preliminary report of this work was 
presented at the annual meeting of the Federation of American Societies for Experi- 
mental Biology, New York, April, 1952 (1). 

t Present address, Department of Physiological Chemistry, The Ohio State Uni- 
versity, Columbus 10, Ohio. 

'The frozen horse heart was supplied by The Quaker Oats Company, Ken-L 
Products Division, Rockford, Illinois. 
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final dialysis against sodium chloride solution was omitted; and (d) th 
product was lyophilized and stored in vacuum-sealed ampuls. 

Products of different isolations varied in iron content from 0.25 to 03; 
per cent Fe and in nitrogen content from 15.10 to 15.58 per cent N. The 
iron analyses were carried out by the sulfosalicylic acid method of Lorber 
(9) as modified by Paul for cytochrome c analysis (10). Nitrogen was 
determined by micro-Kjeldahl digestion, distillation from a Parnas and 
Wagner apparatus into a saturated solution of boric acid containing methy| 
red-methylene blue mixed indicator, and titration with standard sulfuric 
acid. 

Homogenates of rat or rabbit brain or rat liver were satisfactory cyto. 
chrome oxidase preparations. The studies described, unless otherwise 
noted, utilized rabbit brain homogenates prepared as follows: The jugular 
vein of a rabbit under magnesium sulfate anesthesia was cut and the anima 
allowed to bleed. The brain was then removed and placed on ice. The 
attached blood vessels were carefully removed; the tissue was blotted dry 
and weighed (about 7.5 gm.). The tissue was then homogenized for ? 
minutes in a loose fitting Potter-Elvehjem homogenizer (11) with 20 ml. of 
ice-cold 0.1 m phosphate buffer, pH 7.0. Before use, 3 ml. of the homoge. 
nate were diluted with 20 ml. of the buffer. 


Procedures 


The spectrophotometric method used for the measurement of the activity 
of cytochrome oxidase was essentially that of Albaum, Tepperman, and 
Bodansky (3) except that, for the experiments to follow, (a) the cytochrome 
c was given a special heat treatment described later in the text; (b) the 
spectrophotometric constants were 549.5 mu wave-length and 0.025 mm. 
slit width; (c) excess hydrosulfite was removed by bubbling a fine stream 
of wet oxygen into the cytochrome c solution for 2 minutes, and then after 
a 3 minute waiting period optical densities were recorded at 30 second in- 
tervals to get a measurement of the autoxidation rate; and (d) the first 
oxidation reading was obtained within 10 seconds of the addition of the 
oxidase, and subsequent optical densities were recorded at 10 second inter- 
vals for about 3 minutes. The equation of Altschul, Abrams, and Hogness 
(2) was used for the calculation of the concentration of reduced cyto- 
chrome c. The absorption due to the oxidase suspension was determined 
by adding 0.1 ml. of the oxidase to the blank after the oxidations had 
been accomplished. Corrections when necessary were made for this ab- 
sorption before applying the equations. 

The heat treatment of cytochrome c described by Maxwell (12) was accom- 
plished as follows: 2 to 4 ml. of a cytochrome c solution (about 1 X 10*™ 
in a test-tube were placed in a boiling water bath and rapidly stirred by 
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hand for exactly 2 minutes, during which time the temperature of the solu- 
tion rose to 90-95°. The cytochrome c¢ was then cooled in ice and centri- 
juged to remove varying amounts of brownish precipitate. 

For the manometric study of the cytochrome c-cytochrome oxidase sys- 
tem the Schneider and Potter procedure (13) was used. Two significant 
features of this procedure are the determination of the autoxidation of the 
ascorbate by extrapolating the initial oxygen uptakes observed to zero 
enzyme concentration, and the determination of the presence of excess sub- 
strate by the observance of linearity between oxygen uptake and enzyme 
concentration. 


Results 


The results of a typical study involving rabbit brain cytochrome oxidase 
are given in Fig. 1, in which are presented the original optical density values 
plotted against time for five different initial cytochrome c concentrations. 
Some oxidation of the reduced cytochrome c occurs without the addition of 
cytochrome oxidase. ‘The observed oxidation may be the result of peroxide 
formation by the hydrosulfite or by the oxygen treatment. 

The observed optical densities were converted to concentrations of re- 
duced cytochrome c with the aid of the equation (2, 14) 


Dz — Dr 
(é — 


[Cre 


In this equation [C,], is the molar concentration of reduced cytochrome c at 
time, ; D, is the observed optical density at time, t; D, is the optical density 
of the completely reduced system; e, and e, are the extinction coefficients 
for oxidized and reduced cytochrome c, respectively; and 1 is the light path. 
The initial cytochrome c concentrations, [C,],, were obtained with some 
confidence by extrapolating the curves of concentration versus time to the 
time of oxidase addition. When the usual plot of the logarithms of the 
concentrations of reduced cytochrome c versus time (—2.3 log [C,] = kt 
+ A) was made, the linear relationship considered to be the criterion of 
frst order reaction was obtained for each substrate concentration. How- 
ever, when the data were replotted according to the equation 2.3 log [C,],/ 
(Cl. = kt, which enables one to compare reaction velocities corresponding 
to different initial substrate concentrations, identical slopes were not ob- 
tained (Fig. 2). Furthermore, it was observed that the reaction system 
with the lowest initial concentration of reduced cytochrome c showed the 
steepest slope and, accordingly, the greatest apparent enzyme activity. 
Because this result was unreasonable, other treatments of the data were 
investigated. The equation derived by Dorfman (15) was not applicable, 
because different initial substrate concentrations could not be compared. 
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Elkins-Kaufman and Neurath (16) settled a similar problem involving the 
carboxypeptidase-catalyzed hydrolysis of carbobenzoxyglycyl-L-pheny). 
alanine by the use of a combination first and zero order equation first de. 
scribed by Van Slyke and Cullen (17). A plot according to this equation 
k’et = 2.3Ky log (ao/a) + (a — a), shown in Fig. 3, is possible after deter. 
mination of the Michaelis constant in the usual way (7, 18, 19). In this 
equation k’ = the rate constant for the initial velocity of a reaction system 


auto oxidation —+¢-oxidase added 
150 200 250 300 350 400 450 20 40 60 80 
Time in seconds Time in seconds 
Fig. 1 Fig. 2 


Fig. 1. Oxidation of reduced cytochrome c by rabbit brain cytochrome oxidase; 
0.065 m phosphate buffer, pH 7.4; 549.5 muy; [cytochrome c] 1 > 2>3>4>5. 

Fig. 2. The data of Fig. 1 replotted to show first order kinetics and to compare 
reaction velocities corresponding to different initial substrate concentrations. Note 
that the reaction system having the greatest slope (greatest apparent enzyme ac- 
tivity) is the one with the least initial substrate concentration. 


containing a total concentration of enzyme, e; @ = the initial substrate 
concentration; and a the substrate concentration at time, f. 

The straight line of Fig. 3 was obtained by applying the method of least 
squares to the averages of the five activities observed for each time interval. 
For the first minute of the reaction the points corresponding to the five 
different inital cytochrome c concentrations can be seen to be grouped very 
well with respect to the line of least squares. In other words, the combi 
nation first and zero order analysis appears to provide a satisfactory picture 
of the behavior of this suspension of cytochrome oxidase. 

In Fig. 4 the same data are presented in the usual Michaelis form. The 
kinetic analysis indicates that the cytochrome c concentration is consider- 
ably below that required to saturate the enzyme. This is a matter of im- 
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rtance, because the supposition has been that it was readily possible to 
reach a State of substrate excess in experiments with cytochrome oxidase. 
This supposition is based primarily on manometric data involving the 
Schneider and Potter (13) procedure and on the apparent first order spectro- 
photometric behavior. In Fig. 4 the calculated points and maximal velocity 
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Fig. 3. The least squares line obtained by applying combination first and zero 
order kinetics to the data of Fig. 1. 

Fig. 4. The initial velocity of the oxidation of reduced cytochrome c by rabbit 
brain cytochrome oxidase as a function of the concentration of reduced cytochrome c. 
@, data from five experimental initial cytochrome c concentrations; HM, calculated 
points. This demonstrates the lack of saturation of the enzyme by the substrate 
concentrations used experimentally. 


were obtained with the aid of the equation (a + Ky) (—(da/dt)—k’e) = 
Kuyperbolic in Which a and Ky have the usual significance, — da/dt = the 
initial velocity, and k’e = the maximal velocity. This expression can be 
readily derived from the usual form of the Michaelis equation, 


da k’ea 
dt Ky +a 


Calculation of the Qo, of the rabbit brain homogenate from the spectro- 
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photometric data was accomplished as follows: 


1 
7.38 X 10-7 X 0.003 X 0.25 X 22.4 XK 10° X 184 xX 3600 = 24.3 


where 7.38 X 10-7 = maximal rate of the reaction in moles per second 
0.003 = volume of reaction in liters 
0.25 = equivalence in moles between cytochrome c and oxygen 
22.4 X 106 = conversion of moles of oxygen to microliters of oxygen 
1.84 = mg. dry weight of oxidase preparation 


3600 conversion of seconds to hours 
70 Vi Max. (heated) 
heated Curve B 
¥) 
> V 
50+ Max.(non-heated) 
non-heated— Curve A 
= ° 
= 
— 30+ : 
e Experimental 
Calculated fo} 
= 20+ 
= 
10 
1 
: 05 10 15 20 
5 0 I 20 25 30 Mg. rat liver cytochrome oxidase 
Cytochrome c¢ x 10°° M (wet wt.) 
Fig. 5 Fig. 6 


Fig. 5. The effect of heat treatment of cytochrome c on its rate of oxidation by 
rabbit brain cytochrome oxidase. Curve A, substrate not boiled; Curve B, substrate 


boiled and centrifuged. 
Fig. 6. The apparent saturation of cytochrome oxidase by 2.4 X 10-5 m cytochrome 
c in the manometric determination of cytochrome oxidase activity. 


The true Qo, for the homogenate would be higher than the value given 
above, because the dry weight used in these calculations includes the weight 
of the phosphate buffer used in the preparation of the enzyme. 

Fig. 5 is the result of two series of spectrophotometric studies carried 
out as described above and treated as combination first and zero order reac- 
tions. Non-boiled cytochrome c was the substrate for the systems leading 
to Curve A, whereas boiled and centrifuged cytochrome c was used for 
Curve B. The same oxidase preparation (rabbit brain homogenate) was 
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ysed in both series. The data demonstrate clearly that the removal of 
denatured cytochrome c and of other possible contaminating material by 
the short heat treatment leads to a greater apparent ease of formation of 
enzyme-substrate complex. Heat treatment of the cytochrome c increased 
the Qo, for the same oxidase preparation from 16.6 to 24.3. Experience 


with the heat treatment procedure on cytochrome c stored as a water solu- 
tion at 4°, or as a lyophilized powder in vacuo over phosphoric anhydride, 
or as & lyophilized powder in vacuum-sealed ampuls has shown that the 
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Initial Velocity x 10°? M/sec. 


L i i 
10 20 30 40 50 
Cytochrome ¢ M 
Fig.7. Demonstration by the spectrophotometric procedure of the lack of enzyme 
saturation. The experimental data were obtained by using 1.0 mg. of wet weight of 
the same preparation that was used for obtaining the data of Fig. 6. 


last form of storage results in the least amount of apparently denatured 
cytochrome c. 

Fig. 6 presents the results of the manometric determination of the cyto- 
chrome oxidase activity of a rat liver homogenate with sodium ascorbate 
reduction according to the procedure of Schneider and Potter (13). The 
homogenate was prepared as outlined above for the rabbit brain prepara- 
tion, except that the rat was stunned by a sharp blow on the head and then 
decapitated. The diluted homogenate was separated into two portions, 
one for the manometric and the other for the spectrophotometric determina- 
tion. The activity measurements were made simultaneously to avoid pos- 
sible changes in the oxidase on standing. The results of the spectrophoto- 
metric determination with 1.0 mg. (wet weight) of the rat liver preparation 
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are shown in Fig. 7. It seems apparent that the substrate concentrations 
ordinarily used in the manometric assay of cytochrome oxidase are much 
below the levels required for saturation of the cytochrome oxidase. The 
calculated oxygen consumption per hour per mg. of wet weight for the 
manometric determination was only 18.0 ul., compared to 1190 ul. for 
the spectrophotometric procedure. 


DISCUSSION 


The ideal substrate solution for the determination of cytochrome oxidase 
activity would be a solution of cytochrome c which remains completely 
reduced in the absence of a reducing agent. The preparation of such a 
solution was attempted by catalytic reduction with palladium on asbestos 
(8.5 per cent) and hydrogen. Successful reduction was accomplished; how- 
ever, even when extreme precautions were taken to remove oxygen before 
and after the reduction, a stable reduced cytochrome c preparation was not 
possible. When examined spectroscopically, the optical density of the solu- 
tion decreased on standing, indicating that the cytochrome c was under- 
going oxidation. Similar results were obtained by Altschul, Abrams, and 
Hogness (2) with catalytically reduced cytochrome c. Other agents used 
unsuccessfully in the attempt to produce a stable reduced cytochrome c 
were ascorbic acid, reductone (hydroxymethylglyoxal), and sodium hydro- 
sulfite. The cytochrome c was therefore reduced shortly before the deter- 
mination and then the excess reducing agent was removed. The presence 
of an excess of reducing agent will result in erroneous reaction rates, since 
the initial rate of oxidation will be a summation of the oxidation and reduc- 
tion reactions. Excess sodium hydrosulfite (the reducing agent used) was 
removed with oxygen. 

Examination of Fig. + reveals that the maximal substrate concentration 
employed in these experiments was less than one-eighth the concentration 
calculated to be necessary to produce a maximal initial velocity. More 
concentrated substrate solutions could not be used with the standard 10 
mm. cuvettes because their optical densities were too great. Dilution of 
the oxidase preparation to reduce the activity of the enzyme so that the 
maximal substrate concentration experimentally possible would produce 
a maximal initial velocity was attempted. The activity was so markedly 
diminished, however, that it was no longer substantially greater than the 
‘“‘autoxidation.”’ 

Fig. 7 indicates that the concentration of cytochrome c needed to saturate 
a preparation of rat liver cytochrome oxidase in a spectrophotometric study 
is more than 100 times greater than the concentration apparently needed 
to saturate the same oxidase in a manometric study (Fig. 6). When line- 
arity is observed between oxidase concentration and oxygen uptake as 
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measured in the manometric procedure, it has been assumed that the sub- 
strate concentration is in excess. The spectrophotometric data given above 
seem to indicate that this assumption is not valid. Quinlan-Watson and 
Dewey (20) have also reported evidence indicating that linear relation- 
ships between oxidase concentration and oxygen uptake can occur at sub- 
strate levels below saturation concentration. 

The disparity between the activities of cytochrome oxidase when meas- 
ured spectrophotometrically and manometrically may be due in part to a 
greater accuracy in the spectrophotometric assay. The low activities ob- 
served manometrically may also be the result of limiting oxygen concentra- 
tions. Boeri et al. (21), in a study of the oxidation of cysteine by cyto- 
chrome oxidase, reported that amperometric determinations of cytochrome 
oxidase activity resulted in a higher Qo, than did manometric determina- 
tions. It was shown that the Qo, obtained manometrically could be in- 
ereased by increasing the rate of oscillation of the flasks or by bubbling 
oxygen into the reaction vessels. 


SUMMARY 


1. A procedure for the spectrophotometric study of the cytochrome c- 
cytochrome oxidase system was described. 

2. Evidence was presented indicating that the reaction between reduced 
cytochrome c, cytochrome oxidase, and oxygen is accurately described by 
combination first and zero order reaction kinetics. 

3. An apparently greater ease of formation of enzyme-substrate complex 
was observed with a heat-treated cytochrome c solution as substrate. 

4. Higher activities were obtained by the spectrophotometric assay of 
cytochrome oxidase than by the manometric cytochrome oxidase assay. 

5. Possible explanations for the above disagreement were discussed. 
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STUDIES ON CARBOHYDRATE METABOLISM IN RAT 
LIVER SLICES 


lI. UTILIZATION OF GLUCOSE AND FRUCTOSE BY LIVER FROM 
NORMAL AND DIABETIC ANIMALS* 


By ALBERT E. RENOLD,t A. BAIRD HASTINGS, 
AND FRANCES B. NESBETT 


(From the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, February 10, 1954) 


Previous studies from this laboratory have examined the effects of hor- 
monal deficiencies on the metabolism of glucose and pyruvate by rat liver 
slices (1). The presence of diabetes (resulting either from alloxan in- 
jection or from subtotal pancreatectomy) was accompanied by both a 
decreased rate of disappearance of glucose from the medium and an in- 
creased production of new glucose from non-glucose precursors. These 
measurements were made possible by the use of glucose labeled with C™“ 
as a substrate, thus allowing us to distinguish between glucose initially 
present and glucose newly formed. That amount of glucose, however, 
which disappeared only to be reconverted to glucose by glucose-6-phos- 
phatase action could not be estimated. Because of the special importance 
of the initial step in glucose utilization in the present hypotheses of insulin 
action, a more quantitative measurement of the system transforming extra- 
cellular free glucose into intracellular phosphorylated glucose seemed 
desirable. 

The metabolism of fructose by the diabetic organism has recently re- 
ceived renewed attention. It has been postulated, since Minkowski’s 
demonstration of good glycogen formation from fructose in pancreatec- 
tomized dogs (2), that diabetic tissues utilize fructose at a nearly normal 
rate, and studies of fructose utilization in diabetic patients confirmed 
this finding (8-5). In liver slices from alloxan-diabetic animals Chernick 
and Chaikoff have shown that there is no impairment in the production of 
CO. from labeled fructose compared to normal tissue (6). Also, when 
incubated with liver slices, fructose, once phosphorylated, does not re- 
appear as fructose at a physiological pH and is therefore particularly well 
suited for quantitative measurement of its utilization. 


* This work was supported in part by the United States Atomic Energy Commis- 
sion, the United States Public Health Service, Swift and Company, and the Eugene 
Higgins Trust through Harvard University. 

t Postdoctoral Fellow of the United States Public Health Service, 1951-53. 
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These aspects of fructose metabolism suggested that a comparative study 
of glucose and fructose utilization by liver slices of normal and diabetic 
animals might make it possible to estimate more accurately total glucose 
phosphorylation by these tissues. 


Materials and Methods 


Animals—Male albino rats of the Wistar strain, raised in our own colony, 
weighing between 250 and 350 gm., were used. They were fed ad libitum 
unless otherwise noted. The method employed in producing alloxan 
diabetes, as well as the criteria used to establish the presence of diabetes, 
has been described previously (1). 

Medium and Substrates—Unless otherwise noted, the medium contained, 
in millimoles per liter, K* 110, Mg*t* 20, Ca** 10, HCO;- 40, CF 130, 
The solutions were equilibrated with 5 per cent CO2-95 per cent Oz, giving 
a pH in the presence of liver slices varying between 7.4 and 7.5. C% 
labeled glucose! and fructose! were uniformly labeled in all carbons. When 
only one substrate per flask was used, its concentration was 30 mm per 
liter. When both substrates were simultaneously used, their concentra- 
tions were each 15 mm per liter, only one of the two substrates being la- 
beled with C™ in any one flask. This latter procedure has been described 
previously (1, 7). 

Methods—Fructose was determined by the Higashi and Peters modif- 
cation of the method of Roe (8). Glucose determinations in the presence 
of fructose were made by suitably correcting the total reducing sugar 
determination for the amount of fructose present. Otherwise the ex- 
perimental procedure, chemical methods, and isotopic analyses were 
similar to those described previously (1, 7, 9). 

Glucose and fructose form the same osazone. However, as noted by 
_ Fischer (10), the rate of osazone formation and the completeness of the 
reactions of these hexoses differ. Since it was often desirable to know the 
specific activity of either hexose when both were present together at the 
end of incubation, the reaction of phenylhydrazine with solutions con- 
taining both glucose and fructose had to be studied. When osazone is 
precipitated from solutions containing either labeled glucose and unlabeled 
fructose or labeled fructose and unlabeled glucose, all in known amounts, 
the relative contribution of either hexose to the osazone may be calculated. 
Under the conditions employed throughout our experiments (phenyl- 
hydrazine hydrochloride 10, to hexose 1, to sodium acetate 25, allowed te 


1 Uniformly labeled glucose was obtained from the Oak Ridge National Labora- 
tory and the Nuclear Instrument and Chemical Corporation, Chicago, Illinois; uni- 
formly labeled fructose was obtained from the Nuclear Instrument and Chemical 
Corporation. 
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react for 90 minutes in a boiling water bath) it was demonstrated that 
fructose and glucose contributed to the osazone formed in proportion to 
their respective concentrations; fructose, however, contributed 2.2 times 
as much as glucose, mole per mole. This may be expressed as follows: 


2.2(s.a. fructose) (fructose) + (s.a. glucose) (glucose) 
2.2(fructose) + (glucose) 


(S.a.2 osazone) = 


In our experiments the specific activity of the glucosazone as well as the 
concentrations of fructose and glucose was determined experimentally. 
In addition, since no significant amounts of fructose are liberated by liver 
slices at physiological pH, the specific activity of fructose is that of the 
fructose added and is therefore known.? Thus the specific activity of 
glucose in the solution is the only unknown quantity and may be calculated. 

(Calculattion—The following calculations have been described previously 
(1, 7). All measurements are expressed in micromoles per gm. of wet 
liver per 90 minutes: (1) glycogen formation from glucose; (2) glucose 
uptake; (3) glucose output; (4) glucose oxidation to COs. 

The following were calculated in the same fashion as their glucose coun- 
terparts: (5) glycogen formation from fructose; (6) fructose uptake; (7) 
fructose oxidation to COx. 

The following additional calculations were also made: (8) (glucose for- 
mation from fructose) = [(s.a. of final glucose)/(s.a. of fructose)] (final 
glucose); (9) (glucose formation from xz) = (glucose output) — (glucose 
formation from fructose). 


Results 


Metabolism of Hither Substrate Alone by Normal and Diabetic Tissues— 
The results are summarized in Table I. In comparing glucose and fruc- 
tose metabolism in the normal tissues, it is interesting to note that fructose 
would appear, at first sight, to be metabolized approximately 3 times (158 
as opposed to 57 uM per gm.) as fast as glucose, one-half of this difference 
in disappearance being accounted for by transformation of fructose into 
glucose. Glycogen synthesis, however, was almost identical from each 
substrate. 

In the diabetic animals striking differences from the normal situation 
Were again apparent: Glucose uptake was decreased by about one-half 


*Specific activity. 

*That the specific activity of the fructose remaining at the end of the incubation 
is indeed the same as that of the fructose initially added has since been shown ex- 
perimentally by using a specific glucose oxidase to eliminate glucose from the hexose 
mixture before precipitation of the osazone. We are indebted to Dr. James Ash- 
more for obtaining these data. 
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and glycogen deposition from glucose was reduced by about 98 per cent, 
Glucose output was increased by about one-half. In contrast, fructoge 
utilization was nearly normal (151 compared to 158 um per gm.), and 


TABLE I 


Metabolism of Glucose Alone (30 mm per liter) and Fructose Alone (30 mm per liter) by 
Liver Slices of Normal and Diabetic Rats 


All results expressed in micromoles per gm. of wet liver per 90 minutes. 


Substrate, glucose Substrate, fructose 
‘ Glucose Fructose Glucose 
U Out- formed U From | From | formed 
Normal rats 
1 34.0 | 60 63 15 41.0 | 159 34 | 71!) 
2 46.0 77. 57 11 34.0 | 156 26 68) 44 
3 13.5 41 70 11 27.4 | 157 63 | 69 | 48 
4 31.4 51 64 14 34.0 | 154 83 | 44! 
5 46.3 76 | 58 7.6 13 40.0 | 163 16.3 68 | 61) §2 
6 30.0 54 48 7.8 8 35.4 | 147 15.9 63 | 44) 37 
7 39.4 40 29 11.1 12 37.0 | 169 18.4 53 | 59/1 58 
Mean | $4.41 57 56 8.8 12 35.5 | 158 16.9 | 49 
S.e.* 44.0) 45/45 40.9) 41 | 41.6 | 42) 40.6) +7 44) 42 
Diabetic rats 
1 0.3 34; 81 15.1 | 160 98 | 48 
2 0.4 11 | 109 21 7.6 | 141 61 | 60/ 3i 
3 0.2; 39} 107 1 3.9 | 157 48 76) 16 
4 0.2; 35 79 4 3.9 | 151 50 |} 79 | 22 
5 0.9 20 | 48 16 9.4 | 146 77 | 48 
6 0.3 40 | 80 6.9 | 152 89 | 58) 18 
7 1.1 18 | 78 6 13.0 | 147 105 | 76 33 
Mean 0.5 28 83 10 8.5 | 151 75 | 64; 24 
S.e.* +0.1 | +4 / +7 +3 +1.5 | +2 +8 +5) +3 


* Standard error. 


there was significant synthesis of glycogen from fructose. However, the 
synthesis of glycogen from fructose was only about one-fourth that m 
normal liver. Lactate formation in the presence of fructose was less with 
diabetic than with normal tissue. 

Metabolism of Glucose and Fructose Present Together in Medium by Nor- 
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mal and Diabetic Tissues—In the normal, it is interesting to note that the 
same total amount of glycogen is synthesized from either glucose alone, 
fructose alone (see Table I), or from both hexoses together (see Table IT) 
at the same total substrate concentration. When both hexoses were 
present together, approximately half of the labeled glycogen came from 


TABLE II 


Metabolism of Glucose (15 mm per liter) and Fructose (15 mM per liter) Present Together 
in Medium by Liver Slices of Normal and Diabetic Rats 


All results expressed in micromoles per gm. of wet liver per 90 minutes. 


Glycogen on 
Experime F Gl oe Gl Gl F 
glucose | fructose 
Normal] rats 
1 7.2 a 86 43 33 37 2.3 12.5 
2 17.5 17.5 100 37° 22 41 2.7 15.1 
3 16.4 | 20.2 107 44 32 45 1.6 13.6 
4 14.3 | 21.6 92 29 32 48 1.2 11.0 
5 19.9 |} 24.3 95 34 38 36 1.6 12.9 
Mean 15.1 18.3 96 37 31 41 1.9 13.0 
S.e. +1.9 | +2.6 +3 +3 +2 +2 +0.2 +0.6 
Diabetic rats 
1 0.3 2.2 103 10 81 49 0.8 6.8 
2 0.4 4.2 103 9 82 46 0.8 8.0 
3 0.5 3.6 100 15 74 57 0.7 8.2 
4 0.2 1.2 97 21 48 75 0.6 7.8 
5 0.3 1.5 92 16 61 63 0.6 5.7 
Mean 0.3 2.5 99 14 69 58 0.7 7.3 
S.e. +0.1 | +0.5 +2 +2 +6 +5 +0.1 +0.4 


glucose and half from fructose. Whereas the amount of fructose oxidized 
to CO. was approximately twice that of glucose oxidized to CO, when 
either substrate was present alone (Table I), fructose oxidation was about 
7 times that of glucose oxidation when both substrates were present to- 
gether (Table II). This experimental finding is in agreement with the 
scheme of fructose metabolism recently presented by Hers and Kusaka 
and Leuthardt, Testa, and Wolf, (11), fructose entering the glycolytic 
pathway well below glucose-6-phosphate. 

In diabetic animals glycogen synthesis was markedly decreased, glycogen 
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synthesis from glucose being affected to an even greater degree than gly. 
cogen synthesis from fructose. Glucose uptake was decreased by aboyt 
one-third, and there was a marked increase in glucose formation from both 
- fructose and unknown precursors. Fructose oxidation to COs was de. 
creased by about one-third and glucose oxidation to CO by about two. 
thirds. 

Estimation of Total Glucose Phosphorylation—If one considers glucog 
and fructose utilization by hepatic cells, one may reason as follows: The 
glucose-6-phosphate pool is fed from a number of sources and the rate of 
any one of the series of reactions leading into it cannot be accurately 
measured. When labeled fructose is present as a substrate, however, the 
minimal and maximal amount of fructose which has contributed to the 
glucose-6-phosphate pool during the incubation can be estimated; ie, 
it cannot be more than the total amount of fructose which has disappeared 
(since significant amounts of free fructose do not reappear, once phos. 
phorylation has taken place) and it cannot be less than that amount of 
fructose which at the end of the incubation is present as either glycogen 
or glucose. 

Presumably, the enzyme systems catalyzing glycogen formation cannot 
distinguish between glucose-6-phosphate molecules which have originated 
from glucose, fructose, or other sources. Glycogen synthesized during 
incubation with glucose and fructose therefore will reflect in its compos- 
tion the average composition of the glucose-6-phosphate pool during in- 
cubation. 

When labeled substrates are used, permitting the measurement of gly- 
cogen deposition from glucose and glycogen deposition from fructose, it is 
possible to estimate the amount of glucose which contributed to the glu- 
cose-6-phosphate pool during the period of incubation as follows: 


(Glucose phosphorylated to glucose-6-phosphate) 


glycogen from glucose 


= (fructose phosphorylated to glucose-6-phosphate) X 
glycogen from fructose 

Since relative rates and relative amounts only are considered, this calcu- 
lation is not affected by the number or rates of other reactions contributing 
to, or subtracting from, the glucose-6-phosphate pool. Also, the number 
of intermediates existing between fructose and glucose-6-phosphate does 
not influence this calculation. 

The values for total glucose phosphorylation thus obtained for normal 
and diabetic liver slices are shown in Table III. When glucose and frue- 
tose are present together in each medium, the estimation of glucose phos 
phorylation obtained in this fashion provides maximal and minimal values. 
While this is not necessarily true when values obtained by incubation of 
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the tissues with either substrate alone are used for this calculation, it 
nevertheless provides further confirmation of the relative ease or difficulty 
of glucose phosphorylation compared to fructose phosphorylation in the 
tissues used. 

It appears from Table III that, whereas liver slices from normal rats 
convert approximately equal amounts of glucose and fructose to glucose- 
6-phosphate, phosphorylation of glucose by liver slices of diabetic animals is 
but one-tenth to one-fourth that of fructose. Since fructose utilization is 
essentially the same in normal and diabetic tissue, this must mean that 
glucose phosphorylation is decreased to between one-tenth and one-fourth 
of its normal value. 


TABLE III 


Estimation of Maximal and Minimal Total Glucose Phosphorylation by Liver Slices 
of Normal and Diabetic Rats 


Based on values reported in Tables I and II. All results expressed in micro- 
moles per gm. of wet liver per 90 minutes. 


Total phosphorylation of 
glucose 


Fructose to 
Fructose ond Glycogen from glucose 
isappearance glucose Glycogen from fructose 


Maximal | Minimal 


Substrates, glucose (15 mm per liter) and fructose (15 mm per liter) 


71.3 0.12 12 8.6 


49.3 | 0.83 


Substrates, glucose (30 mm per liter) or fructose (30 mm per liter) 


153 89 


06 9 5 


91.5 0.97 
0. 


DISCUSSION 


By comparing glucose and fructose utilization in liver slices, the system 
transforming extracellular free glucose into intracellular phosphorylated 
glucose has been isolated within essentially intact cells. Liver slices from 
diabetic rats phosphorylated glucose at one-fourth to one-tenth the normal 
trate. Chernick and Chaikoff (6) have postulated a “block” between 
glucose and glucose-6-phosphate in diabetic liver slices. Our findings are 
in agreement with their postulate and, further, allow a more direct and 
quantitative measurement of the metabolic defect involved. It should 
also be pointed out that Chernick and Chaikoff’s demonstration was made 
under conditions which have since been shown to lead to replacement of 
at least 50 per cent of intracellular potassium by sodium (12), thereby 


| — 
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Normal....... 96 | 41 
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creating a new intracellular environment, capable in itself of significantly 
affecting hepatic carbohydrate metabolism (7, 13). It is therefore of 
interest to find that the metabolic defect in diabetes can be demonstrated 
both in liver cells depleted of potassium and in liver cells in which such 
depletion has not occurred. 

On the basis of our experiments it is not possible to state whether this 
defect in diabetic tissue is due to a decreased amount or activity of gluco- 
kinase, as suggested by Cori (14), or to a decreased permeability of the cell 
membrane to glucose, as recently postulated by Levine and his collabo- 
rators (15). 

Whereas liver slices from diabetic animals utilize fructose at an over-all 
normal rate, striking differences in the distribution pattern of the utilized 
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Fig. 1. Distribution of fructose carbon utilized by normal and diabetic liver. 
Glucose (15 mm per liter) + fructose (15 mm per liter). 


fructose are apparent (Fig. 1). Thus, when liver slices are incubated with 
‘glucose and fructose, fructose conversion to glucose by diabetic liver cells 
accounts for 70 per cent of the total utilized fructose compared to only 32 
per cent in the normal. This may be regarded as further evidence for the 
increased tendency to gluconeogenesis in diabetic liver (1, 16). 
Although it has been stressed that glycogen deposition from fructose is 
much greater than glycogen deposition from glucose in diabetic liver 
slices, it should not be overlooked that diabetic liver slices synthesize only 
one-fourth to one-ninth as much glycogen from fructose as do normal liver 
slices. In addition, we have previously shown that glycogen synthesis 


from pyruvate is greatly decreased in liver slices from diabetic animals 


(1). Since glycogenolysis in liver slices of diabetic animals is normal or 
even increased (1), it is unlikely that the phosphorylase or phosphogluco- 
mutase systems are impaired. It has been shown by Cori (17), however, 
that the direction in which the reaction catalyzed by phosphorylase will 
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proceed is influenced primarily by the ratio of the glucose-1-phosphate 
concentration to the concentration of inorganic phosphate ions. When 
the concentration of inorganic phosphate increases, glycogenolysis to 
glucose-1-phosphate increases. It has recently been shown (18, 19) that 
the inorganic phosphate concentration in the liver cells of diabetic animals 
is significantly higher than that in the liver cells of normal animals. This 
might provide an explanation for the generally decreased tendency to 
glycogen synthesis in diabetic liver slices which we have observed. 


SUMMARY 


1. The utilization of glucose and fructose by normal and diabetic rat 
liver slices has been measured in a system designed to preserve a normal 
intracellular cationic environment. The comparative utilization of glu- 
cose and fructose has further been used to calculate a maximal and a mini- 
mal value for total glucose phosphorylation by the tissues studied. 

2. Total glucose phosphorylation by diabetic liver slices is decreased to 
between one-fourth and one-tenth of normal. 

3. In contrast, liver slices from diabetic rats utilize fructose at approxi- 
mately the normal rate. Of the utilized fructose, however, a greater 
proportion is converted to glucose, a finding in keeping with the previously 
demonstrated increased tendency to gluconeogenesis in diabetic liver. 

4, Although glycogen synthesis from fructose is much greater than gly- 
cogen synthesis from glucose in liver slices from diabetic rats, glycogen 
synthesis from fructose is decreased by at least 75 per cent below the 
normal value. This finding is discussed. 
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ON MALIC ACID AND CARBOXYLATIONS IN VIVO IN 
THE LIVER OF THE CHICK EMBRYO* 


By LAWRENCE M. MARSHALL, KENNETH O. DONALDSON, LLOYD 
H. NEWMAN, anp MUSTAPHA M. KHAN 


(From the Department of Biochemistry, Howard University School of 
Medicine, Washington, D. C.) 


(Received for publication, January 28, 1954) 


The rapid incorporation of labeled carbon dioxide into succinate of rat 
liver 1n vivo was previously demonstrated (1). In these experiments, the 
time of sacrifice after a single injection of the isotope was less than 30 min- 
utes, and the experimental approach involved isolation of certain inter- 
mediates of the Krebs cycle. In whole homogenates (2), a similar rapid 
conversion of carbon dioxide to succinate was found, and the isotopic di- 
lution of succinate formed in vivo, by a mechanism other than the tricar- 
boxylic acid cycle, was recently shown by Frohman and Orten (3). The 
possibility was considered that the conversion of labeled carbon dioxide to 
succinate might be more pronounced in some other biological system, for 
example in chick embryo liver. While a direct conversion of carbon di- 
oxide to succinate was not supported in this embryo, a rapid incorpora- 
tion of carbon dioxide into malate was evident. This distinguishes carbon 
dioxide fixation 7m vivo in chick embryo liver from that previously observed 
in the liver of the adult rat. Naturally occurring concentrations of malic 
acid reported here are more than 15 times greater than those found before 
in liver tissue (3, 4). 


EXPERIMENTAL 


0.2 ml. of 0.15 m NaHCO; containing 0.2 me. of the isotope was ad- 
ministered to the embryo by way of the vitelline veins or the peritoneum. 
When sodium formate was used, 0.2 ml. of 0.15 m HC“OONa containing 
0.15 me. of C was injected intravenously. Acetone extracts of liver and, 
in several experiments, carcass were chromatographed by applying paper 
chromatography (5) to portions of the effluent from these extracts chro- 
matographed on small (1 gm.) silica gel columns (6). A combination of 
paper and column chromatography was employed, because the amount of 
biological material available in some experiments was as little as 10 mg. 
wet weight. Although the silica gel system is a highly quantitative tool, 


* This investigation was supported in part by a research grant from the National 
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the use of paper chromatography aided in ascertaining the radiochemica| 
purity of the separated acids. Paper chromatography alone applied di- 
rectly to the liver extracts was not suitable in our hands, presumably be- 
cause of interference of such solutes as heme and lipides. A portion of the 
data, typical of those characterizing the identification of the effluent sol- 
utes, is shown in Table I. The silica gel chromatography otherwise es. 
sentially followed previous descriptions (1), with the exception that the pH 
of the aqueous phase of the chromatographic columns was, by design, 
sufficiently high to permit the complete decomposition of such acids as 
oxalosuccinic and oxalacetic when the effluent samples from the column 
on which radioactivity was determined were air-dried at 50°. Because of 
the similarity of their molecular weights, some observations are expressed 


TABLE [| 


Identification of Portions of Effluent Characterizing Chromatographic Position of 
Malic Acid from Organic Acid Extracts of Livers of Incubated 
Embryos from 8 Day-Old Chicks 


Time sacrificed after at — | RF at radioactive | Rr of authentic 
injection chromatographing chromatographing | I-malic acid 
min. c.p.m. c.p.m. 
1.5 122 127 0.31 0.33 
2 450 370 0.35 0.35 
10 230 192 0.32 0.33 


* Chromatographed on paper by the procedure of Denison and Phares; solvent, 
13 parts of ether, 3 parts of glacial acetic acid, and 1 part of water. 


for fumarate and succinate combined. In experiments in which the size 
of the liver sample and the radioactivity permitted, succinate was re- 
chromatographed on a higher resolving system (6) in order to follow the 
radiochemical purity of this acid. No observation was made which would 
alter the interpretations from the combined data for these two acids. No 
carriers were used in any of the isolations. 

In order to assess the chemical amounts of the acids appearing in the 
effuent, twelve liver samples pooled for each of the 8 and 10 day-old em- 
bryos were analyzed. Pooled liver samples, which represented 10 day- 
old embryos that were injected with 0.2 ml. of inert NaHCO; (0.15 m), 
were examined in order to determine the influence of the bicarbonate on 
the concentration of organic acids occurring in the liver. Effluent acids 
from the silica gel columns were titrated with indicator solution (6) having 
a raised pK. The method of Taussky (7) was used as a supporting tech- 
nique for the analysis of citrate. The malic acid was degraded by chromic 
acid oxidation (8). 
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Results 


Table II illustrates that over 50 per cent of the total radioactivity ap- 
pearing in the organic acids of liver of the embryo incubated for 8 days 


TABLE II 


Distribution of Radioactivity within Organic Acid Extracts of 8 Day Old-Chick 
Embryos Following Intravenous Injection of NaHC'403* 


Organic acid 
Mie. Fumaric and succinic Malic Citric 
Per gm. 
Specific Specific Specific 
P P P P 
Livert 

1.0 3.6 x 105 | 9.2 | 9.7 X 108 68.5 7.5 X 104 | 7.0 |} 1.2 K 105 15.2 

1.5 105 15.5 | 3.8 104 1.8 X 105 | 8.3 |} 1.0 X 105 | 5.8 | 1.7 
2.0 | 2.9 108 | 9.7 104 64.5 | 5.6 105 | 5.9 | 2.5 10° 17.6 | 2.0 
5.0 3.9 105 24.9 2.9 52.8 | 6.6 104 | 5.8 | 3.2 K 104 

10.0 | 4.0 X 10° 20.6 2.4 K 51.0 6.2 XK | 8.2 1.9 XK 104 (20.2 

45.0 | 2.8 * 105 17.5 1.4 XK 104 48.8 | 4.4 X 104 | 3.6 | 1.5 & 104 |26.9 | 3.2 

Carcasstf 

1.0 | 2.4 108 (12.3 | 2.3 104 |23.6 | 5.1 104 47.6 | 1.9 105 16.5 

1.5 | 3.2 * (23.0 | 5.8 104 |24.2 | 7.0 X 104 | 1.9 K 105 |16.7 

2.0 9.2 * 103 |13.0 | 1.2 105 |52.0 | 4.4 & 10° |26.5 | 3.9 105 | 8.1 

5.0 | 8.3 103 |10.8 | 6.9 104 [42.1 | 3.2 105 /40.6 | 5.5 K 105 | 4.9 | 1.5 
10.0 | 4.2 * 10? 119.9 | 6.5 & 104 |30.0 | 1.2 105 1388.9 | 2.7 K 105 | 7.9 | 3.3 
45.0 | 5.5 10% 144.5 | 1.9 105 (20.7 | 1.0 X 105 115.0 | 1.3 105 |19.8 


*(0.2 me. in 0.2 ml. of 0.15 m NaHCO; was injected as a single dose into the vitel- 
line veins. The counter employed had an efficiency of 2.5 per cent. 

t The liver samples averaged, wet weight, 0.010 gm.; the observed concentration 
of fumaric and succinic acids expressed as fumaric acid was 3.4 um per gm. of liver. 
The concentrations of malic and citric acids were 3.2 and 0.67 um per gm. of liver, 
respectively. 

t The whole embryos weighed, wet, between 1.27 and 1.16 gm. Fumaric, succinic, 
and malic acids, 1.3, 1.1, and 0.6 um per gm. of carcass, respectively. 


resides in malic acid. This is observed within 30 minutes following the 
administration of labeled bicarbonate, and maximal incorporation occurs 
between 1.5 and 2 minutes. When two other embryos were injected with 
0.1 me. of NaHCO; each, the radioactivity (not shown) of the total or- 
ganic acid extracts was greater at 2 than at 3 minutes following the injec- 
tion. Although the specific activity of malate is higher than that of citrate 
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at most times, at 1 minute following the injection the specific activity of 
citrate is higher. Citric acid in the carcass has as high or higher specific 
activity than malic acid. The concentration of malic acid found in the 
liver was 3.2 um per gm. (43 mg. per cent), while that in the carcass wag 
lower, being 8 mg. per cent. 
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Fic. 1. Chromatographic separation of organic acids from the liver of the chick 
embryo incubated 17 days, sacrificed 7 minutes after a single intravenous injection of 
the labeled bicarbonate. The values described by the ordinate were calculated from 
the time observed for 1280 counts for each chromatographic fraction (7.e., the residue 
from 1 ml. of effluent). The mobility of each acid under the peaks was identical 
with that of the corresponding reagent acid when chromatographed on paper with 
ether-acetic acid-water as the mobile phase. The wet weight of the liver sample 
was 0.267 gm., and the specific activities appear in Table IV. At the peak of the 
malic acid curve 2112 c.p.m. were observed, and this sample required 0.9 ml. of in- 
dicator solution (6) each ml. of which was equivalent to 0.027 mg. of malic acid. 
The sum of alternate fractions of the malic acid zone was 5718 c.p.m. The order of 
the concentration of malic acid can be adduced from this plot shown, in that (5718/ 
2112) X 0.9 ml. X 0.027 mg. per ml. = 0.0658 mg. Since alternate fractions were 
taken, one-half (as an approximation) of the malic acid in the sample is represented, 
and 2 X (0.0658 X 100)/0.267 (sample weight in gm.) = 49.3 mg. per cent. This ap- 
proximation is slightly higher than the value observed (44.2 mg. per cent) by the 
titration of the entire effluent zone. 


The observations for the organic acids of liver of embryos incubated for 
10 days (Table III) are similar. Of the times tested, maximal fixation is 
at 3 minutes after the injection of the bicarbonate. After the administra- 
tion of sodium formate, the specific activity of the malic acid was less than 
that of the other acids. When the time following the injection of sodium 
formate was 10 minutes, the total radioactivity (not shown here) of the 
organic acids was less than 2 times the background. The liver of the 
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embryo incubated for 10 days (not injected) showed a concentration of 
naturally occurring malic acid of 41.5 mg. per cent. A pooled sample of 
livers taken from embryos 10 minutes after injection with 0.15 m inert 
NaHCO; had a malic acid concentration of 36.8 mg. per cent. 

In Table IV and Fig. 1 are presented the data for the 17 day-old chick 
embryo. The incorporation into malic acid is greater at 7 than at 5 min- 
utes. When the effluent malate from the liver of one embryo sacrificed 
5 minutes after the injection was mixed with 55 mg. of inert /-malic acid, 
76.2 per cent of the theoretical yield of the calcium carbonate representing 
the carboxyl groups of malate contained 696 c.p.m. Since the radioac- 
tivity of the original malate taken was 960 c.p.m., 95.1 per cent of the ra- 
dioactivity of the malic acid was contained in the carboxyl carbons. The 
acetate formed from the methylene carbons of the malic acid was isolated, 
but this contained no measurable radioactivity. Similar data were ob- 
tained for effluent malate from the incubated 17 day-old embryo sacrificed 
7 minutes after the injection. Concentrations of malic acid in three sam- 
ples of liver representing three embryos were 32, 41.5, and 44.2 mg. per 
cent. 


DISCUSSION 


The rapid rate at which carbon dioxide from labeled bicarbonate is in- 
corporated into malic acid in embryo liver is evident from the times re- 
quired for maximal incorporation: on the 8th, 10th, and 17th days, 1.5, 
3, and 7 minutes, respectively. The increase in time from the 8th to the 
17th day can be the result of several factors. It might be a function of 
embryogenesis. This would include those factors difficult to assess, such 
as permeability and equilibration of labeled compounds with the meta- 
bolic pools. The difference might also be influenced by the changing ratio of 
the mass of the embryo to the injected dose. To have increased the dose 
with increase in embryo mass would have left uncontrolled the changes in 
water content and possibly in permeability. The relative specific activities 
of the organic acids, when formate was injected, emphasize the difference 
between the incorporation of carbon into the organic acids from this com- 
pound and from bicarbonate in vivo. 

The observed rapidity of the carboxylations demonstrates the necessity 
for caution in establishing precursor relationships in the embryo by means 
of isolating the labeled organic acids following the injection of labeled bi- 
carbonate. It would seem, however, that the carboxylations involving 
organic acids, observed by this approach, are not identical with those pre- 
viously found in the adult rat (1). 

It is of interest. that the concentration of malic acid in the chick embryo 
liver was more than 15 times higher than that previously observed in this 
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tissue of other species (3, 4). The concentration in the liver does not ap. 
pear to vary with embryonic development. Although the literature lacks 
descriptions of the concentration of malic acid in the liver during the de. 
velopment of the chick, such data appear for citrate in the whole embryo 
(9). On the 5th day this citrate concentration is 27.4 mg. per cent. This 
decreases to 13.2 mg. per cent on the 12th day. 


SUMMARY 


Carbon dioxide was rapidly fixed into malate in vivo following the intra- 
venous and intraperitoneal injection of NaHC™O; into the developing 
chick. Maximal fixation occurred in less than 8 minutes when the stages 
of embryonic growth sampled were the 8th, 10th, and 17th days of incv- 
bation. The concentration of malic acid, in mg. per cent, ranged from 32 
to 44.2. The variation in concentration was not related to growth and 
was not influenced by the injections. 
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ALTERED METABOLIC PATTERNS INDUCED IN THE 
NORMAL RAT BY FEEDING AN ADEQUATE DIET 
CONTAINING FRUCTOSE AS SOLE 
CARBOHYDRATE* 


By R. HILL, N. BAKER, anp I. L. CHAIKOFF 


(From the Department of Physiology of the University of California School 
of Medicine, Berkeley, California) 


(Received for publication, January 29, 1954) 


The response of the blood sugar level in the early intervals after the 
administration of glucose (glucose tolerance test) is generally considered 
to be an indication of the animal’s capacity to utilize glucose (1). As 
judged by this test, it has been established that, after fasting (2, 3) or the 
feeding of a diet deficient in carbohydrate (4, 5), the animal loses its tol- 
erance for glucose. Apparently frequent ingestions of adequate amounts 
of carbohydrate are required to keep active the animal’s mechanisms for 
disposal of glucose. The specificity of glucose in this respect has not hith- 
erto been realized, and this phenomenon is brought out in the present 
study. It is shown here that, when large amounts of fructose are fed to 
normal rats as the sole carbohydrate in an adequate synthetic diet, a 
loss in capacity to utilize glucose ensues, a loss apparently similar to that 
observed in the fasted rat. In order to investigate the mechanism respon- 
sible for this phenomenon, we further studied the utilization of C-labeled 
glucose, fructose, and acetate by various tissues of normal rats previously 
fed either a glucose-containing or a fructose-containing diet. Only in 
liver was an altered metabolic pattern observed in response to fructose 
feeding, and this finding is discussed from the standpoint of an enzymatic 
adaptation to diet. 


EXPERIMENTAL 
Glucose Tolerance Studies 


Rats of the Long-Evans strain were divided into three groups and 
treated as described, before their tolerance to glucose was determined. 
One group was fasted for 96 hours. A second group was first fasted for 24 
hours and then fed, for 3 days, synthetic Diet G, containing 58 per cent 
glucose as the sole carbohydrate. The third group was also subjected to 
a preliminary 24 hour fast, and then fed synthetic Diet F containing 58 
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per cent fructose as the sole carbohydrate. The exact composition of 
these two diets is given in Table I. 

The glucose tolerance test was carried out in the following manne, 
Each rat was lightly anesthetized with ether, and a blood sample (abou 
0.3 ml.) was taken from the heart for determination of plasma glucose. 
Immediately thereafter, the rat received by stomach tube 4 gm. of gluco 
per kilo of body weight, prepared as a 40 per cent solution in 0.9 per cent 
sodium chloride. Blood samples were taken every hour for the next 3 
hours. Blood samples were also taken at the same intervals from contro} 
rats which received, by stomach tube, saline solution only. Plasma her. 
ose was determined by the method of Mendel and Hoogland (7). 


TABLE 
Composition of Diets 


Constituent Diet G | Diet F 


| per cent per cent 


* Hawk-Oser salt mixture (6). 

t Labco, vitamin-free. 

t Vitamin B mixture (expressed as mg. per 100 gm. of diet), choline chloride 100, 
niacinamide 5, inositol 100, calcium pantothenate 5, thiamine hydrochloride 1, ribo- 
flavin 1, pyridoxine 1, p-aminobenzoic acid 1, biotin 0.02, and folie acid 2. 


In the experiments designed to study the levels of hexoses in the portal 
and systemic blood, the following procedure was employed. Rats were 
first fasted for 24 hours and then divided into three groups. The rats of 
Group 1 were fed Diet G for 3 days and finally, by stomach tube, 4 gm. 
of glucose per kilo of body weight as a 40 per cent solution in saline. The 
rats of Group 2 were fed Diet F for 3 days and finally, by stomach tube, 
4 gm. of fructose per kilo of body weight. Each rat of Group 3 was fasted 
for 3 days and, at the end of that period, received, by stomach tube, about 
2 ml. of saline solution only. 1 hour after the test solutions were intu- 
bated, the rats were anesthetized with Nembutal. The anesthetic was 
administered intraperitoneally in a dosage of 0.4 ml. of a 6 per cent solu- 
tion per kilo of body weight. 10 minutes after the Nembutal was injected, 
the peritoneal cavity was opened, and a hemostat was placed on the portal 
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yein near its point of entry into the liver. Blood samples were withdrawn 
from the peripheral portion of the portal vein, and immediately thereafter 
the portal hemostat was removed, the thoracic cavity opened, and a blood 
sample withdrawn from the heart. Plasma hexose was determined by the 
method of Mendel and Hoogland (7); plasma fructose was estimated by 
the method of Roe (8). 


Studies with Tissue Slices 


Treatment of Rats—The rats were first fasted for 24 hours and then fed 
either Diet G or F for periods varying from 16 hours to 2 weeks. When 
the feeding period lasted more than 3 days, vitamins A and D were fur- 
nished in the form of a fish oil. 

Incubation Procedure—The rats were sacrificed by a sharp blow on the 
head. The livers were rapidly excised and placed in cold Krebs-Henseleit 
bicarbonate buffer (9). Slices of approximately 0.5 mm. in thickness were 
prepared free-hand with a thin razor blade. The slices were gently blotted 
on filter paper and weighed on a torsion balance. 500 + 5 mg. of slices 
were placed in the main compartment of an incubation flask to which 5 
ml. of Krebs-Henseleit bicarbonate buffer containing one of the radioac- 
tive substrates had been added. The flasks were aerated with 95 per cent 
0.5 per cent CO. mixture, closed with a rubber cap, and incubated, with 
shaking, in a water bath at 37.5° for 3 hours. At the end of that period, 
the flasks were removed and approximately 0.5 ml. of 30 per cent KOH 
was injected through the cap into the center well. The tissue was then 
inactivated by injection of 0.25 ml. of 5 Nn H2SO, into the main compart- 
ment. 

Analytical Procedures—At least 30 minutes were allowed for diffusion of 
CO. into the center well. The KOH in the center well containing the CO. 
was then transferred quantitatively to a 50 ml. volumetric flask. CO, 
activity was determined as BaC™“Q; by the method of Entenman e¢ al. 
(10), and counted with a thin end window Geiger-Miiller tube. The 
fatty acids were extracted, and their C™ content was determined by a modi- 
fication of the procedure described elsewhere (11). Liver glycogen was 
isolated by the method of Sjégren et al. (12) and measured as glucose by 
the method of Mendel and Hoogland (7). Glucose uptake by diaphragm 
was determined as described by Krahl and Cori (13). 

Radioactive Substrates—C-Glucose and C'-fructose were prepared pho- 
tosynthetically by the method of Putman et al. (14). This procedure 
yielded uniformly labeled hexoses which were shown to be chromato- 
We are indebted to Dr. S. Abraham for preparation of 
the C-labeled glucose and fructose. Carboxyl-labeled acetate was added 
to the medium as the sodium salt. 
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Results 
Glucose Tolerance of Rats Prefed Fructose As Sole Dietary Carbohydrate 


Four experiments were carried out, and in each experiment glucose 
tolerance was determined in six rats. The six rats of each experiment had 
been previously treated as follows: two were fasted for 96 hours, two had 
been fed the high glucose Diet G (Table I), and two had been fed the high 
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Fig. 1. Glucose tolerance tests in rats previously fed 58 per cent glucose- and 
58 per cent fructose-containing diets. A, rat fasted 96 hours; 0, rat fed for 3 days 
' 58 per cent fructose diet; O, rat fed for 3 days 58 per cent glucose diet. 

Fic. 2. Plasma glucose levels of rats fed 58 per cent glucose- and 58 per cent fruc- 
tose-containing diets. 


fructose Diet F. The latter four rats had access to their diets until the 
start of the tolerance test. A typical result is shown in Fig. 1. In the 
fasted rats, the plasma glucose level rose steadily during the 5 hours after 
the administration of the test glucose, and at the end of that time had 
reached a value of 280 mg. per cent. In the rats previously fed glucose as 
the sole dietary carbohydrate, the level of plasma glucose did not exceed 
130 mg. per cent. 

The unexpected finding reported here is the decreased glucose tolerance 
in rats which, up to the time of the test, had access to an adequate diet 
containing 58 per cent fructose as the sole carbohydrate source. Indeed, 


| 

y 

ST 

D 

tc 

al 

is 


drate 


glucose 
nt had 
Wo had 
he high 


} 5 
inis tration 


and 
3 days 


it frue- 


‘il the 
In the 
after 
e had 
ose as 


xceed 


rance 
e diet 
deed, 


709 


R. HILL, N. BAKER, AND I. L. CHAIKOFF 


the glucose tolerance curves in the fructose-fed rats resembled those ob- 
served in the fasted rats; 5 hours after administration of the glucose solu- 
tion, plasma glucose in the rat previously fed Diet F rose to 258 mg. per 
cent. 

As a control, a single rat of each group received, by stomach tube, 0.9 
per cent saline, and the plasma glucose response was determined under 
conditions identical with those of the preceding test. The results are 
shown in Fig. 2. The concentration of plasma glucose remained con- 


TABLE II 
Portal and Systemic Hexose Levels Following Test Meal of Glucose, Fructose, or Saline 


Total Total 


: Portal Systemic* Portal Systemic 

Re Tevtmeat | | | | | 
ez mg. mg. mg mg. mg. mg. 

gm. per cent per cent per cent per cent per cent per cent 
10 400 Glucoset 130 66 130 66 0 0 
184 64 184 64 0 0 
12 470 200 96 200 96 0 0 
13 250 te 158 89 158 89 0 0 
14 +570 Fructoset 152 77 82 58 70 19 
15 370 ' 184 78 79 57 105 21 
16 430 si 166 79 84 60 82 19 
17-500 2 160 70 60 50 100 20 
18 | 410 Salinef 72 70 72 70 0 0 
19 270 i 65 69 65 69 0 0 
20 315 57 57 54 0 0 
21. 385 61 65 61 65 0 0 


*Samples obtained by heart puncture. 
t4 gm. per kilo of body weight as a 40 per cent solution in 0.9 per cent sodium 


chloride. 
t2 ml. of 0.9 per cent sodium chloride solution. 


stant during the 5 hours after the administration of the saline, and the 
values from the three rats were in close agreement. 

The concentrations of glucose and fructose in portal plasma were also 
studied in rats fed by stomach tube either glucose or fructose. The re- 
sults are recorded in Table II. In the rats which received 4 gm. of glucose 
per kilo of body weight, the concentration of glucose in portal plasma rose 
to 130 to 200 mg. per cent. The intubation of the same amount of fruc- 
tose resulted in little change in the glucose level of portal plasma. It has 


been shown that the intestine can convert fructose to glucose (15), but 
apparently under the conditions of our study the extent of this conversion 
ls not rapid enough to influence the levels of glucose in portal plasma. 
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TaBLe III 
Utilization of C'4-Glucose, C'4-Fructose, and Acetate-1-C'4 by Liver Slices from Rats 
Previously Fed Either 58 Per Cent Glucose (Diet G) or 58 Per Cent Fructose 
(Diet F) for Various Periods 


| | | | Per cent 
C4-Labeled substance 
Rat Weight Ere- | Period | Liver | incubated as 
Compound Amauat | Fatty | co, 
22 174 G 16 122 0 7.3. | Glucose | 110 1.6) 3.6 
| Fructose | 110 | 1.2] 3.7 
Acetate | 17 
23 | 178 G 16 110 0 9.0 Glucose 110 1.8} 3.2 
Fructose 110 2.1} 3.9 
Acetate 2 | 43 13 
24 | 129 F 16 0 | 5.8 Glucose 110 1.9} 3.0 
| Fructose 110 2.8) 5.3 
| Acetate 2 | 3i 14 
25 | 177 F 16 90 Glucose 110 2.3| 3.2 
| Fructose | 110 2.7| 8.7 
Acetate 2 | &7 13 
26 | 183 F 16 61 9 8.0 Glucose 110 12: 34 
Fructose 110 1.6 3.8 
Acetate 2 | 38 12 
days 
27 | 236 G 2 84 0 2.8 Glucose 110 1.1/| 3.8 
Fructose 110 1.3 4.6 
Acetate 21 
28 | 176 G 2 1.5 Glucose 110 L.72i Se 
29 | 234 F 2 43 47 2.9 ” 110 0.6 | 2.3 
Fructose 110 1.8 | 5.7 
Acetate 2 39 
30 | 234 F 2 3.7 Glucose 110 0.3! 1.7 
31 | 202 2 1.5 110 1.8 
32 | 155 G 4 95 0 2.1 - 110 1.3 6.4 
Fructose | 110 1.5 8.3 
Acetate 2 | 20 43 
33 | 196 G 4 50 0 4.4 Glucose 110 1.0) 4.7 
Fructose | 110 1.6] 7.7 
34 | 183 F 4 0 3.3 Glucose 110 0 2.0 
Fructose | 110 1.4} 6.9 
Acetate 2 | 24 37 
35 | 171 F 4 104 0 3.8 Glucose 110 0.1 |, 3.0 
Fructose | 110 1.5 | 7.7 
Acetate | 4 
36 | 200 | F 4 87 0 4.1 Glucose 110 | 0.1) 2.3 
Fructose | 110 1.4 5.9 
| Acetate 2 | 3il 35 
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Plasma Plasma | added 
Rat | w.: | Period | glucose | fructose Liver recovered as 
No. Weight fed glycogen = 
sacrilice sacrilice Amount Fatty COs 
37 | 210 G 14 85 0 6.0 Glucose 110 1.1) 4.3 
Fructose 110 1.5 | 6.3 
Acetate 2 . 40 26 
38 | 206 G 14 70 0 4.4 Glucose 110 1.2]; 3.3 
Fructose 110 1.8; 2.9 
Acetate 2 | 39 15 
39 | 232 KF 14 90 19 5.5 Glucose 110 0.8; 2.1 
Fructose 110 4.6 7.1 
Acetate 2 | dl 13 
40 | 164 F 14 77 16 5.4 Glucose 110 0.4 1.5 
Fructose 110 1.4) 4.3 
Acetate 2 | 3 18 
TABLE IV 


Incorporation of C4 of C'4-Glucose and C'4-Fructose into Glycogen by Liver Slices from 
Normal Rats Previously Fed Either 58 Per Cent Glucose (Diet G) or 
58 Per Cent Fructose (Diet F) 


Each flask contained 500 + 5 mg. of tissue in 5.0 ml. of bicarbonate buffer. 


Glucose or C'4-fructose was present in a final concentration of 400 mg. per cent. 
Duplicate flasks were incubated for 3 hours at 37.5°, and their contents analyzed 
separately; average values are reported below. 


Rat No. Weight Previous diet substrate 
gm. 

41 222 G Fructose 2.5 
42 212 3: 2.0 
43 177 2.8 
44 260 F fs 2.3 
45 190 2.3 
46 200 3.0 
47 210 G Glucose 1.5 
48 200 1.3 
49 210 1.6 
50 197 0.7 
51 220 0.8 
52 220 0.6 
53 230 0.9 


n Rats | 
cent 
d Cs 
red as 
| CO; 
| 
| 3.6 
| 17 

3.2 
| 3.0 
| 5.3 
| 5.7 
13 
| 12 
| 3.8 
| 4.6 

5.7 

39 
(1.8 
| 6.4 
| 8.3 
| 43 
| 4.7 
42 
2.0 

6.9 

37 
| 7.7 
| | 
| 35 

| 
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Site of Impaired Glucose Utilization in Normal Rat Fed Fructose As Sole 
Dietary Carbohydrate 


Studies with Liver Slices 


Normal rats were fed either the high glucose or the high fructose diet 
(Table I) for periods varying from 16 hours to 14 days. At the end of 


these intervals, the animals were sacrificed and their livers were excised 


TABLE V 


Effect of Insulin on Glucose Oxidation by Liver Slices from Normal Rats Previously 
Fed 58 Per Cent Fructose (Diet F) for 3 Days 


Rat No. Weight Plasma glucose | Plasma fructose | 

covered as CO» 

_ units mg. per cent mg. per cent | eee 
vie 200 25* 7 
225 25* 15 19 
59 240 0 72 22 2.0 
60 183 0 77 12 2.0 
61 171 0 60 30 2.0 
a0 0 10 1.3 
24+ 1.6 
64 244 24 | 16 
65 220 24f | 1.8 
24t 14 
67 220 0 1.9 
68 195 0 1.3 
69 215 0 20 
70 185 0 1.7 


* Received 25 units per kilo of body weight of unmodified insulin 2 hours before 


sacrifice. 
t Received 8 units per kilo of body weight of protamine zine insulin in each 24 


hour period for 3 days before sacrifice. 


and sliced. Separate portions of slices of each liver were incubated with 
either C'-glucose, C'4-fructose, or acetate-1-C™, and the incorporation of 
the C™ into fatty acids and CO, was determined. The results of this ex- 
periment are shown in Table ITI. 

No significant differences were observed in the fatty acid-C™ and C¥O: 
recoveries from fructose-C™ and acetate-1-C", regardless of the diet fed. 
In the experiments with C-glucose, however, the recoveries of fatty acid- 
C' and CO. were much lower in liver slices of rats prefed the high fruc- 
tose diet than in those of rats prefed the high glucose diet. This change 
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in utilization of the added glucose by the liver became apparent as early 
as 48 hours after the rats were placed on the high fructose diet (Table ITT). 
The capacity of liver slices prepared from rats previously fed glucose or 


TaBLeE VI 
Glucose Uptake by Diaphragms of Normal Rats Previously Fed Either 
Glucose or Fructose Diet 
Each flask contained a hemidiaphragm in 2.0 ml. of bicarbonate buffer. Glucose 
was present in a final concentration of 150 mg. per cent. Duplicate flasks were in- 
cubated for 2 hours at 37.5°, and their contents analyzed separately; average values 
are reported below. 


Rat No. Weight Previous diet ‘nt 
gm. 
100 210 G 2.5 
101 200 2.4 
102 210 2.2 
103 197 F 2.8 
104 990 2.5 
105 220 : 2.6 
106 9230 ” 2.6 
TaBLe VII 


Oxidation of C'4-Glucose by Surviving Brain and Kidney Slices from 
Normal Rats Previously Fed Either Fructose or Glucose Diet 
Each flask contained 250 + 5 mg. of either brain or kidney slices in 2.5 ml. of bi- 
carbonate buffer. C'!4-Glucose was present in a final concentration of 150 mg. per 
cent. Duplicate flasks were incubated for 3 hours at 37.5° and their contents ana- 
lyzed separately; average values are reported below. 


Per cent added glucose C4 
recovered as 
Rat No. Body weight Previous diet 
Brain Kidney 
gm. 

71 285 G 21 20 
72 225 ” 20 17 
73 275 * 19 16 
74 185 -” 17 22 
75 200 F 21 20 
76 195 ” 20 19 
77 210 vi 18 20 
78 245 ms 19 17 


fructose diets to incorporate C" of C'-fructose and C'-glucose into glyco- 
gen was also studied, and the results are recorded in Table IV. The C"- 
glycogen recoveries from C'*-fructose were practically the same in the ex- 
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periments with both groups of rats. A significant difference, however, 
was observed in the case of C'*-glucose. Much less of its C™ was incor. 
porated into liver glycogen when the previous diet contained fructose ag 
sole dietary carbohydrate. 

We considered the possibility that insulin lack might account for the 
impaired capacity of the liver of the fructose-fed rat to oxidize the added 
glucose to COz. Insulin was therefore injected into fructose-fed rats, and 
slices of their livers were incubated with C'-glucose. The C'“Osz recoveries 
are shown in Table V. It is clear that insulin injections failed to correct 
the faulty oxidation of glucose to COz in the liver of the rat fed the frue. 
tose as sole dietary carbohydrate. 


Studies with Extrahepatic Tissues 


The uptake of glucose by diaphragms excised from two groups of rats, 
one previously fed the high fructose diet and the other fed the high glucose 
diet, was investigated, and the results are shown in Table VI. No differ- 
ence was observed between the two groups. 

The oxidation of C'*-glucose to COz by brain and kidney slices prepared 
from the two groups of rats was also studied, and the results are shown in 
Table VII. The previous fructose feeding failed to influence the C0, 
recoveries. 


DISCUSSION 


A loss of glucose tolerance by normal rats was observed here following 
the feeding, for several days, of a diet containing 58 per cent fructose as the 
sole carbohydrate. This observation brings out the specificity of glucose 
as the dietary carbohydrate responsible for maintaining, in an active state, 
the enzyme system (glucokinase) involved in the initial removal of admin- 
istered glucose from the blood stream. In order to localize the site of de- 
fective glucose utilization in the fructose-fed rat, we compared in glucose- 
and fructose-fed rats (1) conversion of C4-glucose and C'-fructose to C0:, 
fatty acids, and glycogen by their livers, (2) conversion of acetate-1-C" 
to fatty acids and CO: by liver slices, (3) oxidation of C'4-glucose to C0: 
by kidney and brain, and (4) glucose uptake by the diaphragm. Fructose 
feeding did not alter the oxidation of glucose to CO» by kidney and brain, 
nor the uptake of glucose by diaphragm. The liver was the only tissue in 
which an alteration in metabolic pattern was observed after fructose feed- 
ing. The livers of normal rats fed the fructose diet showed a decreased 
capacity for conversion of added glucose to glycogen, fatty acids, and COs, 
as compared with the results obtained with the livers of normal rats fed 
the glucose diet. No difference was observed, however, between these 
two livers with respect to the conversion of C" of C'-fructose to glycogen, 
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C02, and fatty acids, and the conversion of C'-acetate to CO: and fatty 
acids. From these observations we have drawn the conclusion that the ac- 
tivity of the hepatic glucokinase system was impaired by the prolonged 
feeding of fructose. It is of interest to note here that this defect in the 
glucokinase system in the liver is not the result of an insulin lack, for in- 
sulin treatments, even for as long as 3 days before the fructose-fed rats 
were sacrificed, failed to augment the ability of their livers to utilize glu- 
cose. 

A striking difference was encountered between the glucose-fed rats, on 
the one hand, and the fructose-fed and fasted rats on the other, in regard 
to the concentrations of glucose in the portal blood (Table II). Even 
though the total concentration of hexoses was about the same in the portal 
plasma of glucose-fed and fructose-fed rats, the levels of glucose in the 
portal blood of the latter were only a little higher than those in arterial 
blood. But in the glucose-fed rat, the concentrations of glucose in the 
portal plasma were about twice those in the systemic blood. The view is 
therefore proposed that glucokinase system in liver becomes adapted to 
dietary glucose, requiring for optimal activity the presence, at frequent 
intervals, of high concentration of glucose in the portal blood. That the 
rat liver is capable of enzymatic adaptation in response to the administra- 
tion of a specific compound has already been demonstrated. Thus it has 
been found that the tryptophan peroxidase content of liver increases after 
the intraperitoneal injection of tryptophan (16, 17). An increase in liver 
arginase has also been shown to occur after the feeding of arginine (18). 

An alteration in glucose utilization in response to fructose feeding was 
not observed in kidney, brain, or diaphragm. It should not be inferred, 
however, that extrahepatic tissues are incapable of undergoing metabolic 
adaptation. Under the conditions of our study, the hepatic cells were 
exposed to either high (200 mg. per cent in the glucose-fed rats) or low (70 
mg. per cent in the fructose-fed rats) concentrations of glucose. But the 
concentration of plasma glucose supplied to extrahepatic tissues was prac- 
tically the same in both groups of rats (Table IT). 


SUMMARY 


1. The response of plasma glucose to orally administered glucose (glucose 
tolerance test) was compared in three groups of normal rats, 7.e. those (1) 
fed for 3 days an adequate diet containing 58 per cent glucose as sole car- 
bohydrate, (2) fed for the same period a diet containing 58 per cent fructose, 
and those (3) fasted for 96 hours. 

2. An impaired capacity to utilize glucose was observed in the fructose- 
fed rats. The glucose tolerance curves in these rats resembled those ob- 
served in the fasted rats. 
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3. The evidence obtained from studies on the utilization of C-labeled 
compounds by liver, kidney, and brain, and of glucose uptake by dia- 
phragm, suggests that the decrease in glucose tolerance observed in the 
fructose-fed rat is the result of an impaired liver glucokinase activity. 

4. Insulin administrations, even for as long as 3 days before the fruc- 
tose-fed rats were sacrificed, failed to augment the ability of their livers 
to oxidize glucose to COs. 

5. These findings are considered as a manifestation of enzymatic adap- 
tation to diet. 
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THE EFFECT OF FOLIC ACID DEFICIENCY ON THE 
METABOLISM OF CHOLINE BY CHICK BONE | 
MARROW * 


By JAMES 8. DINNING, RUTH NEATROUR, anv PAUL L. DAY 


(From the Department of Biochemistry, School of Medicine, University of Arkansas, 
Little Rock, Arkansas) 


(Received for publication, March 1, 1954) 


It has been shown that the injection of aminopterin into animals leads 
to a reduction in the choline oxidase activity of several tissues (1, 2). 
This observation has been confirmed in other laboratories (3, 4). Since 
bone marrow is the tissue most drastically affected by folic acid deficiency, 
we have investigated the effect of a deficiency of this vitamin on the me- 
tabolism of choline by chick bone marrow. 


EXPERIMENTAL 


1 day-old white Leghorn chicks were given the purified folic acid-de- 
ficient diet described previously (5). Controls received this diet sup- 
plemented with 5 mg. of folic acid per kilo of diet. The chicks were 
housed in metal brooders, and food and water were given ad libitum. After? 
3 weeks on these diets the chicks were sacrificed, and bone marrow cell 
suspensions were made. ‘These were prepared by the procedure described 
earlier (2) with the exception that the cells were suspended in a buffer 
solution consisting of 0.0067 m MgCls, 0.8 per cent KCl, and 0.01 m so- 
dium phosphate, pH 7.4. The total cell counts of these suspensions were 
made in a blood cell-counting chamber. The bone marrow from six de- 
ficient and three control chicks was pooled separately for each experiment. 

For the manometric measurements, 1 ml. of the cell suspension was 
placed in Warburg flasks, and 2 ml. of the buffer were added to those flasks 
used to measure endogenous oxygen consumption. Other flasks contained 
in the side arm 5 mg. of choline chloride or 5 mg. of sodium succinate dis- 
solved in and added at the expense of the buffer. All flasks contained 0.1 
ml. of 30 per cent KOH in the center well. After a 5 minute equilibration 
period, the substrate was tipped in, and readings were taken at 30 minute 
intervals for 2 hours. The gas phase was air. 

Other experiments were designed to measure the incorporation of choline 


* Research paper No. 998, Journal Series, University of Arkansas. This work 
was supported by a research grant, No. G647(C6), from the National Institutes of 
Health, United States Public Health Service, and from the American Cancer Society 
a —— of the Committee on Growth of the National Research 

uncil. 
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into phospholipides. For each experiment 1 ml. of marrow cell suspension 
was incubated in a Warburg flask with 1.46 um of C-methyl-labeled cho- 
line chloride having a specific activity of 48,500 c.p.m. per uM. Some 
flasks contained sodium ATP (adenosinetriphosphate) at a concentration 
of 0.002 m. The final volume was 1.125 ml. The center well contained 
0.1 ml. of 30 per cent KOH. The incubations were carried out in the 
Warburg apparatus under an atmosphere of air. After the specified time 
intervals the contents of the flasks were fractionated by the procedure of 
Schneider (6). 1 ml. of the phospholipide extract was evaporated on a 


BONE MARROW CELLS 
c'*H, CHOLINE—*PHOSPHOLIPIDS 
500 WITH ATP 
lJ 
2 — 
a 
= 
\ 250 
> 
a: 
OL ad 
WITHOUT ATP 
0 2 


HOURS 
Fic. 1. The effect of ATP on the incorporation of C'4-methylcholine into phos- 
_pholipides by bone marrow cells of the chick. 


planchet for counting, and an aliquot was wet-ashed for phosphorus de- 
termination. An end window Geiger counter was used for the radioac- 
tivity measurements. The results are expressed as counts per minute per 
micromole of phosphorus. In some experiments the suspensions of bone 
marrow Cells were boiled before incubation, and under these conditions no 
activity was found in the phospholipide extract. 

The first experiments were designed to study the effect of ATP on the 
incorporation of choline into phospholipides. It has been shown that con- 
ditions which favor oxidative phosphorylation enhance the incorporation 
of phosphorus into phospholipides by liver preparations (7, 8), and evidence 
has been presented which suggests that phosphorylcholine is an interme- 
diate in the incorporation of choline into phospholipides (9). In these 
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experiments bone marrow was utilized from chicks which weighed approxi- 
mately 1 kilo and had been reared on a commercial diet of natural food- 
stuffs. The data of Fig. 1 show that ATP is necessary for the incorpora- 


TABLE [| 
Some Effects of Folic Acid Deficiency on Chick Bone Marrow 
Bone marrow cell suspensions were incubated for 2 hours with C'4-methylcholine. 


See the text for the experimental conditions. The data are presented as the means; 
the range of all experiments is given in parentheses. 


Measurement Control Folic acid-deficient 
Total bone marrow cells, K 10° per 
100 gm. body weight. 4.1 (3.0-5.4) 2.1 (1.3-2.6) 
Bone marrow phospholipide P, y P per 
Oxygen consumption, wl. O2 per 108 
Phospholipide radioactivity, c.p.m. 
BONE MARROW CELLS 
NORMAL CONTROL FOLIC ACID DEFICIENT 
_ WITH SUCCINATE 
© 
\ 
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L | | l 
0 30 60 90 .@) 30 60 90 
MINUTES MINUTES 


Fig. 2. The influence of folic acid deficiency on endogenous oxygen consumption, 
choline oxidase, and succinoxidase of bone marrow cells of the chick. 


tion of choline into phospholipides by bone marrow cells. The significant 
time lag in the incorporation may indicate that choline was first converted 
into an intermediate which was in turn incorporated into the phospho- 
lipides. These data in general support the suggestion that phosphory]l- 
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choline is a precursor of phospholipides (9). An alternative explanation 
might be that ATP is necessary for choline to penetrate the cell membrane. 

Data obtained from the study of bone marrow of chicks fed _ purified 
diets are given in Table I. The values are the means of three experiments 
in which bone marrow from eighteen deficient chicks and nine controls 
was used. ATP (0.002 mM) was present in all flasks in these experiments, 
As would be expected, the total number of bone marrow cells was reduced 
in the folic acid-deficient birds. The bone marrow phospholipide phos- 
phorus per cell was considerably elevated in the folic acid-deficient chicks, 
Folic acid deficiency resulted in a 4-fold increase in the rate of incorpora- 
tion of choline into phospholipides by bone marrow cells. 

Typical manometric data are presented in Fig. 2. Folic acid deficiency 
resulted in a marked elevation in the endogenous oxygen consumption and 
succinoxidase of bone marrow cells. The control bone marrow exhibited 
choline oxidase activity, as has been previously reported (2). The addi- 
tion of choline to marrow cell suspensions from folie acid-deficient chicks 
actually depressed oxygen consumption. ‘This same effect was previously 
observed in bone marrow from aminopterin-treated chicks (2). It seems 
probable that choline inhibits the endogenous respiration of bone marrow 
cells, and, when it is added to a tissue devoid of choline oxidase, one ob- 
serves a depression in oxygen consumption. 


DISCUSSION 


These data offer further support for the suggested relationship of folic 
acid to choline oxidase (1, 2). It is possible that the absence of this en- 
zyme in bone marrow cells from folic acid-deficient chicks is due to the 
selective loss of certain cell types as a result of the vitamin deficiency. It 
seems significant, however, that, if this is the case, the cells which are lost 
-as a result of folic acid deficiency are those which contain choline oxidase. 
The increased incorporation of choline into phospholipides by bone mar- 
row cells from folic acid-deficient chicks may be related to the loss of 
choline oxidase. Under these conditions the choline may not be subjected 
to oxidation, and thus more could be available for phospholipide synthesis. 
The data of Artom et al. (10) suggest an inverse relationship between the 
incorporation of choline into phospholipides by liver tissue and the choline 
oxidase activity of this tissue. They found that livers from rats fed a low 
protein diet incorporated more choline into phospholipides than did liver 
preparations from rats fed a high protein diet. The feeding of low pro- 
tein diets to rats has been shown to result in a reduced liver choline oxidase 
(11). 

The elevated endogenous oxygen consumption and succinoxidase of 
bone marrow cells from folic acid-deficient animals may also be related to 
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the alterations in choline metabolism. It has been shown that choline is 
concerned in the oxidation of fatty acids (12) and this is probably related 
to the role of choline as a constituent of phospholipides. It has also been 
suggested that most of the endogenous oxygen consumption of bone mar- 
row cells is due to fatty acids oxidation (13), and this would involve the 
oxidation of acetate through the Krebs cycle and thus involve the suc- 
cinoxidase system. Goldinger et al. (14) demonstrated the oxidation of 
acetate by bone marrow. ‘Thus one might suggest that in the absence of 
choline oxidase the incorporation of choline into phospholipides is in- 
creased and that in turn there is an accelerated oxidation of fatty acids. 


SUMMARY 


1. Bone marrow cells of chicks incorporate choline into phospholipides 


in vitro, and this incorporation is greatly stimulated by the addition of 
ATP. 


2. Folic acid deficiency in chicks results in an increase in endogenous oxy- 


gen consumption and succinoxidase of bone marrow and a complete loss of 
choline oxidase. 


3. Folic acid deficiency results in a greatly increased incorporation of 


choline into phospholipides by bone marrow cells of the chick. 


10 
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TRANSFORMATION OF FIBRINOGEN INTO FIBRIN 


I. ELECTROCHEMICAL INVESTIGATION OF THE 
ACTIVATION PROCESS* 


By ELEMER MIHALYI 


(From the Harrison Department of Surgical Research, Schools of Medicine, University 
of Pennsylvania, and the Department of Surgery, Hospital of the 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, December 28, 1953) 


In a previous paper (1) it has been shown that the transition of fibrinogen 
into fibrin is accompanied by a change in the electrophoretic mobility of 
the protein and a shift of its isolectric point. It was not possible then to 
speculate on the molecular changes underlying these findings, because 
precise titration curves of fibrinogen and fibrin were not available at that 
time. In order to make possible the interpretation of the electrophoretic 
experiments, an extension of these investigations was performed and the 
titration curves of the two proteins were obtained under conditions similar 
to those prevailing in the electrophoretic runs. The conclusions drawn 


- from these data will be compared with the analytical] results of Lorand and 


Middlebrook (2). 

Fibrin has been shown to be soluble in a number of solvents (3-6). For 
the type of experiments mentioned above, concentrated urea solution seems 
to be the most suitable solvent, because urea does not bind acid or alkali 
except at extreme pH values (7), and the neutral molecules or the dipolar 
ions of urea do not affect the electrophoretic mobility of the protein. 
Therefore, both the titration and the electrophoretic mobility determina- 
tions were performed on protein dissolved in 3.33 m urea solution. 


Materials and Methods 


Bovine fibrinogen (Fraction I, lot Nos. 128-163 and L210, from the Ar- 
mour Laboratories) was purified according to Laki (8), yielding preparations 
with 93 to 95 per cent of the total protein clottable by thrombin. The 
fibrinogen solutions were thoroughly dialyzed against three changes of 0.45 
w KCl at 4°. Protein concentrations were determined by Kjeldahl nitro- 
gen estimations, with a nitrogen-protein conversion factor of 6.0 (9). 

Prothrombin was prepared from bovine plasma by the method of Seegers 

* Part of this work was presented at the Sixth meeting of the Subcommittee on 


Blood Coagulation of the National Research Council held in Washington, D. C., 
May 21, 1952. 


This work has been aided by a grant from the George Friedland Foundation Fund. 
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et al. (10) and activated by beef lung thromboplastin and calcium nitrate 
(11). Thrombin preparations of 200 to 300 National Institutes of Health 
units per mg. of protein were obtained essentially free of fibrinolysin. 

Urea, Merck, of reagent grade was recrystallized twice from ethanol 
according to Steinhardt (12). All the other chemicals were of reagent 
grade and used without further purification. 

Titration Experiments—The difference in the acid-base binding capacity 
of fibrinogen and fibrin is too small to be detected with independent titra- 
tion of the two proteins. The following procedure was employed: Samples 
of fibrinogen solution were adjusted to different pH values with 0.1 n HC] 
or KOH and brought to the same final volume with 0.45 m KCl. After 
sufficient time for equilibration two portions of 5 ml. were withdrawn from 
each mixture. To one of them 1.0 ml. of thrombin solution of 30 units per 
ml. was added, whereas to the other 3.0 ml. of 10 m urea and 1.0 ml. of 
thrombin inactivated by heating at 60° for 5 minutes were added. Clotting 
resulted within } to 15 minutes in the samples which received active throm- 
bin, and naturally no change occurred in those with inactive thrombin. 
The clots were allowed to stand at room temperature for 23 hours for the 
completion of the reaction. To dissolve the clots 3.0 ml. of 10 m urea solu- 
tion were added to each flask and the mixture was gently shaken on a 
Boerner oscillating platform for 5 hours at 4°. At the end of this period 
complete dissolution occurred in all the samples. Thus, the composition 
of each pair with the same initial pH was identical, except that clotting 
occurred in one sample but not in the other. The samples were then 
brought to 25° and the pH was measured with a glass electrode connected to 
a Cambridge model R pH meter. Since urea in the concentration employed 
at 25° denatures fibrinogen fairly rapidly (13), the time of exposure to this 
temperature was kept at a minimum. All the components of the mixtures, 
except the urea solution, contained 0.45 m KCl in order to keep the ionic 
strength constant. The final mixtures had 10 to 13 gm. of protein per liter 
at an ionic strength of 0.3 and urea concentration of 3.33 Mo. 

The titration curves were calculated as hydrogen ion equivalents bound 
per 105 gm. of protein. For both fibrinogen and fibrin the same isoionic 
point of 5.50 was assumed. Since the titrations were limited to the pH 
interval 5.5 to 10.0, no correction for free acid or alkali was effected. Also, 
the pH shift on the transformation of fibrinogen was considered as taking 
place without a change in the degree of dissociation of the protein. The 
titrations were performed in the presence of KCl which reduces the alkaline 
error of the glass electrode to a negligible value. It is realized that the 
meaning of pH in concentrated urea solutions is somewhat uncertain (14). 
However, in the experiments described, only pH differences were recorded 
and these values are related to a titration curve also obtained in the pres- 
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ence of urea. As it will be shown in Paper II (15), the effect of urea on 
the titration curve of fibrinogen in the pH interval of these experiments is 
small and a correction for this effect can be effected without difficulty. 

Electrophoretic Experiments—The technique employed was already de- 
scribed in detail (1). The main interest in the present investigations was 
in the mobility difference of the two proteins rather than in the absolute 
magnitude of the mobilities. Therefore, mainly experiments with mix- 
tures of fibrinogen and fibrin were performed. The protein mixture having 
a concentration of 12 to 15 gm. per liter was dialyzed against buffers of 0.1 
ionic strength with 3.33 mM urea and the same urea-buffer solution was placed 
above the protein in the electrophoretic cell. With potential gradients of 
4to 5 volts per cm., stable boundaries were obtained, but higher gradients 
had a tendency to blur the pattern. The mobilities were calculated from 
the velocities of the descending boundaries and the conductivity of the pro- 
tein solution as recommended by Longsworth (16). The pH of the buffer 
and protein solutions was determined at 25° and corrected to 0°, the tem- 
perature of the electrophoresis. 

In order to obtain the proportionality factor between the mobility and 
the net charge of fibrinogen, a titration curve was obtained under the con- 
ditions prevailing in the electrophoresis experiments. At 0° the glass elec- 
trode gave erratic values because of the moisture condensed on the cold 
surfaces. To overcome this complication a Hildebrand type hydrogen 
electrode was used in these determinations in connection with a saturated 
calomel electrode. 

Viscosity measurements were performed with an Ostwald capillary vis- 
cosimeter at 0° and 25°. 


Results 


From pH 5.5, the lower limit of the clotting ability of fibrinogen, up to 
about pH 6.8, there was no difference between the pH of fibrinogen and 
that of fibrin dissolved in 3.33 M urea solution. At more alkaline initial pH 
the fibrin samples had a lower pH than the fibrinogen ones.’ This differ- 
ence, ApH, increased to a maximum of about 0.2 unit at pH 8.5, then de- 
creased again at still higher pH. The pH difference occurs in the region of 
poor buffering of fibrinogen. It corresponds, therefore, to a fairly small 
change in the amount of hydrogen ions bound. The titration curves of 
fibrinogen and fibrin are nearly superimposed, and plotting all the indi- 
vidual experiments on a single graph would have made indistinct the dif- 
ferences between the two proteins. However, the pH difference of identical 
pairs of fibrinogen and fibrin samples, ApH, plotted against the pH of the 
fibrinogen gives a much clearer presentation of the data. Fig. 1 shows the 
results of five individual experiments. A curve through the points would 
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have no special meaning; therefore, no attempt was made to draw it 
The ApH values are fairly well reproducible except between pH 8.5 and 9.2, 
where the experimental points are considerably scattered, probably because 
of a very slow pH drift occurring in this region. The difference in bound 
hydrogen ion equivalents per 10° gm. of protein could be read directly on 
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Fig. 1. pH difference of fibrinogen and fibrin samples of identical degree of titra- 
tion, dissolved in 3.33 mM urea solution, plotted against the pH of fibrinogen. 


Sn 


vol 
06+ 
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0-2 


pH: 6 ? 8 9 10 
Fic. 2. Difference between fibrinogen and activated fibrinogen (fibrinogen and 
fibrin dissolved in 3.33 m urea solution), in bound hydrogen ion equivalents, plotted 
against the pH of fibrinogen. The data refer to 105 gm. of protein. 


the individual titration curves. However, an indirect method was used for 
this purpose in order to avoid the effect of arbitrariness in drawing by hand 
the best fitting curve through the experimental points. As an approxi- 
mation, the titration curve can be considered linear in the small pH in- 
terval of the pH difference. The slope of the fibrinogen and fibrin curves 
can be taken as identical, because, as pointed out already, the two curves 
have almost the same shape. Under these conditions ApH multiplied by 
the buffer value, Ah/ApH, of fibrinogen at the respective pH will give the 
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change in the bound hydrogen ions, Ah. The buffer values of fibrinogen 
were determined on an accurate titration curve obtained under the con- 
ditions of the present experiment: 0.3 ionic strength, 3.33 m urea, and 10 to 
12 gm. per liter of fibrinogen at 25°. Fig. 2 shows the Ah values, calculated 
as outlined above, plotted against the pH of fibrinogen. The experimental 
points obtained between pH 8.5 and 9.2 are omitted on this graph because 
of the uncertainty of their position. The solid line, which fits fairly well 
the experimental points, is a theoretical titration curve of a group with a 
pK of 7.50, amounting to 1.1 equivalents per 10° gm. of fibrinogen. 


TABLE | 


Electrophoretic Mobility of Fibrinogen and Fibrin Dissolved in 3.33 m Urea-0.1 Ionic 
Strength Buffer Solutions 


Electrophoretic mobility 10~§ cm.? sec.~! volt~! 
pH Buffer 
Fibrinogen Fibrin Difference 
4.32 Acetate 2.76* 2.99* 0.23 
5.94 Phosphate —0.65 —0.40 0.25 
6.26 —0.75 —0.56 0.19 
7.17 ” —1.25 —1.01 0.24 
7.64 = —1.50 —1.26 0.24 
8.61 Borate —1.77 —1.50 0.27 
10.09 —2.42 —2.17 0.25 
10.52 —3.34 —3.69 0.29 


* Ascending boundary. 


Both in the titration experiments and in the electrophoretic determina- 
tions the degree of depolymerization of fibrin, and also an eventual dena- 
turation of the protein, was checked by viscosimetry. As has been shown 
previously, completely depolymerized fibrin has the same viscosity as fi- 
brinogen (3, 17). On the other hand, the denaturation of fibrinogen in 
3.03 M urea solution leads to a continuous increase of viscosity ending in 
gelation (18). All the fibrinogen and fibrin samples of the titration exper- 
iments had the same viscosity as a freshly prepared fibrinogen sample of 
the same composition (both at 0° and at 25°). This shows that the fibrin 
was indeed depolymerized to activated fibrinogen particles and no dena- 
turation occurred during the manipulations with the protein. As previ- 
ously reported (1), the fibrin samples subjected to electrophoresis, in a cer- 
tain pH interval, had higher viscosities than the corresponding fibrinogen 
samples. However, a comparison of the viscosities of these fibrin solu- 
tions with the data reported by Ehrlich, Shulman, and Ferry (17) on partly 
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depolymerized fibrin solutions shows that in the electrophoretic exper. 
iments the amount of the intermediate polymer could not have been more 
than a few per cent of the total protein. 

The electrophoretic mobility data are summarized in Table I. There is 
a constant difference between the mobilities of the two proteins over the 
whole pH range studied, the mean difference being 0.24 K 10-5 cm.? sec- 
volt“. Fibrin has a lower mobility above and a higher below its isoelec- 
tric point than fibrinogen. All the above data refer to investigations on 
mixtures of fibrinogen and fibrin. Somewhat different results were ob- 
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Fig. 3. Electrophoretic mobility of the fibrinogen component in mixtures of 
fibrinogen and fibrin plotted against the net charge. Ionic strength, 0.1; urea con- 
centration, 3.33 m; temperature, 0.8°. 

Fig. 4. Titration curve of fibrinogen in the presence of 3.33 m urea, 0.1 ionic 
strength, at 0°. The curve was calculated per 105 gm. of protein, assuming an iso- 
electric point of 5.50. 


tained if the mobilities were determined in systems containing only a single 
protein component. Ata pH lower than 8 the same mobility difference was 
found whether the determination was made on isolated components or on 
a mixture of them. Above this pH, however, the difference was almost 
doubled when determining it with isolated components, whereas it remained 
constant in the determination on mixtures. Probably this discrepancy 1s 
caused by the increasing viscosity of the fibrin solutions at higher pH. The 
mobility of fibrinogen above pH 8 is slightly higher in the isolated state than 
when mixed with fibrin, and the reverse is true for fibrin. In experiments 
with mixtures, the viscosity effects may compensate each other to some 
extent and the mobility will correspond more closely to the actual differ- 
ence in net charge of the two proteins. Besides this, the considerable in- 
fluence of the experimental error of two individual experiments on the 
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small difference between two fairly large numbers was also eliminated by 
this arrangement. 

The electrophoretic mobility of fibrinogen is plotted against the net 
charge in Fig. 3. The net charge was calculated from a titration curve 
obtained under the conditions of the electrophoretic experiments: 10 to 12 
gm. per liter of protein, 3.33 M urea, 0.1 ionic strength, and 0°. In the 
calculation of the titration curve, which is shown on Fig. 4, the arbitrary 
figure of 100,000 was used instead of the molecular weight of fibrinogen 
which is still uncertain. The straight line relation shown on Fig. 3 demon- 
strates that the net charge is determined only by the hydrogen ion equi- 
libria; there is no interaction between fibrinogen and other ions than 
hydrogen, or, if there is any, it is constant over the whole pH range investi- 
gated. The slope of the line calculated by the method of least squares is 
0.060 X sec and represents the mobility increment per 1 
charge per 100,000. Assuming that fibrinogen and fibrin have the same © 
increment, the difference of electrophoretic mobility can be readily con- 
verted into difference in net charge. According to the calculations out- 
lined above, fibrinogen possesses 4.0 negative charges per 105 in excess over 
fibrin in the whole pH interval studied. 


DISCUSSION 


The clotting of fibrinogen occurs in several] steps (8). The first one is an 
enzymatic process in which fibrinogen is transformed by thrombin into a 
modified form. In the second step the activated fibrinogen polymerizes 
toanetwork. By dissolving the gel in urea solutions, the second phase is 
completely reversed and a solution of activated fibrinogen results (3, 17). 
Thus the present paper deals with electrochemical differences between 
fibrinogen and activated fibrinogen, and the conclusions refer to the first 
step of the clotting, the activation of the fibrinogen molecules by thrombin. 

The differential titration curve shows the appearance of some groups with 
an apparent plx of approximately 7.5. They may be identified, tentatively, 
as the glycine a-amino groups, which were reported by Bailey et al. (19, 20) 
and Lorand and Middlebrook (21) to appear during the transformation of 
fibrinogen into fibrin. The net charge difference between fibrinogen and 
activated fibrinogen, as apparent in the electrophoretic experiment, can 
be caused either by an increase in the number of positively charged 
groups, or a decrease in the number of negatively charged ones, or a 
combination of both these changes. An increase in positive charges 
should give a decreasing mobility difference as the pH is increased in the 
zone of the titration of the cationic groups. This assumption is obviously 
in contradiction with the observed pH insensibility of the mobility differ- 
ence. A loss of negative charges, on the other hand, is consistent with the 
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experimental data. The dissociation zone of the carboxylic groups is be- 
low the pH range of the electrophoretic experiments; a loss of carboxylic 
groups should result, therefore, in a constant mobility difference over the 
whole pH range studied. 

The titration and the electrophoretic results seem to be inconsistent at 
first examination. The former shows the appearance of 1.1 cationic groups, 
whereas the latter the loss of 4.0 anionic groups per 100,000 gm. of fibrin- 
ogen. This apparent discrepancy can be explained on the basis of the pro- 
teolytic theory of the clotting of fibrinogen by thrombin. According to 
this, thrombin splits off one or more peptides from the fibrinogen molecule 
(22, 19-21). In the titration experiments fibrinogen was compared with 
the system activated fibrinogen plus peptides. The isoionic point of the 
system is not affected by the splitting, since it is situated in the region where 
both the amino and the carboxylic groups produced by the proteolysis are 
fully ionized. The alkaline portion of the differential titration curve will 
show the newly formed amino groups; the acidic portion, were it possible 
to obtain experimentally, would show the corresponding carboxylic groups. 
No other change will occur in the titratable groups, if we suppose that all 
the groups originally present on the fibrinogen molecule are titrated in the 
same way, whether they are in their original position or detached from the 
protein with the splitting off of the peptide. The latter assumption is not 
strictly true, because the electrostatic field of both the peptide and the 
protein is modified by the process. However, the high ionic strength and 
the asymmetry of the fibrinogen molecule are likely to diminish the elec- 
trostatic factor to a negligible value (23, 24). 

The decrease of the electrophoretic mobility of fibrin as compared with 
fibrinogen can be explained if we suppose that the peptide carries the nega- 
tive charges lost by the transformation of fibrinogen into activated fibrin- 
_ogen. The isoelectric point of the protein will also be shifted by this pro- 
cess in an alkaline direction (1). In agreement with the above conclusions, 
Laki (25, 26), Lorand and Middlebrook (2), and Bettelheim and Bailey 
(20) found a high proportion of dicarboxylic acids in the peptide. On the 
other hand, terminal glutamic acid residues, originally present on the 
fibrinogen molecule, are no longer detectable after fibrinogen is converted 
to fibrin (19-21). 

The change in the net charge of fibrinogen can also be calculated from 
the analytical data of Lorand and Middlebrook (2). With a molecular 
weight of 8800 and 30 per cent of the carboxyls in the amide form,’ the 
net charge of the peptide is equal to 12 in the pH range where the cationic 
groups are fully ionized. By assuming further that one acidic peptide is 
split off from every fibrinogen molecule, and by taking into account the 


1 Personal communication from Dr. L. Lorand. 
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increase by two of the terminal amino groups of the latter, the total change 
will be a decrease of 14 negative charges per molecule. On the basis of a 
molecular weight of 330,000 (27) this gives 4.2 charges per 10° gm. of 
fibrinogen, in very good agreement with the physicochemical data. Above 
pH 8 the four lysine groups of the peptide and the terminal amino groups of 
the activated fibrinogen should lose their charges, increasing thus the net 
charge difference between fibrinogen and activated fibrinogen to 16 per 
molecule. ‘This increase of 14 per cent in the mobility difference, however, 
isnot apparent in the experimental results. It corresponds to a rather small 
difference, as compared with the accuracy of the method, and the viscosity 
complication arising exactly in this pH region may also contribute to over- 
shadow the expected change. 


SUMMARY 


The difference in the titration curves of fibrinogen and fibrin, both dis- 
solved in 3.33 M urea solutions, shows the appearance of 1.1 groups per 
100,000 gm. of fibrinogen with an apparent pK of 7.50 during the activa- 
tion process. 

The electrophoretic mobility difference of the two proteins in the same 
solvent can be explained by the splitting off of 4.0 negative charges per 
100,000 gm. of fibrinogen by thrombin. 

These findings are discussed in the light of the recent results of chemical 
analysis of the activation process. 


The author is indebted to Dr. J. G. Reinhold for the use of the Tiselius 
apparatus. 
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TRANSFORMATION OF FIBRINOGEN INTO FIBRIN 
If. CHANGES IN pH DURING CLOTTING OF FIBRINOGEN* 


By ELEMER MIHALYI 


(From the Harrison Department of Surgical Research, Schools of Medicine, University 
of Pennsylvania, and the Department of Surgery, Hospital of the 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, December 28, 1953) 


According to recent experimental evidence the transition of fibrinogen 
into fibrin gel takes place in several steps (1-6). 


where F denotes fibrinogen, 7h thrombin, f activated fibrinogen, and f, 
the intermediate polymer of Ferry et al. The first step is an enzymatic 
process catalyzed by thrombin and characterized by the splitting off of one 
or more peptides from the fibrinogen molecule (7-12). The following steps 
are purely physicochemical processes which do not require the intervention 
of thrombin. 

The reaction can be blocked either at the first or at the second intermedi- 
ate by certain inhibitors at definite concentrations (1, 3, 4). On the other 
hand, by the use of certain solvents, the fibrin gel can be depolymerized 
to the activated fibrinogen (13, 4). 

In the present investigation an attempt was made to elucidate the nature 
of the protein groups involved in these reactions by the analysis of the 
changes in hydrogen ion equilibria which occur during the clotting process. 
In Paper I (14) the differential titration curve of fibrinogen and activated 
fibrinogen was described. The present paper reports on the differential 
titration curve obtained with fibrinogen and fibrin. The first curve shows, 
thus, the changes connected with Step 1 of the above scheme. The second 
one refers to the over-all process; 7.e., it gives the algebraic sum of all the 
changes in ionizing groups which occur through all the three steps. Sub- 
tracting the first curve from the second evidently gives the changes con- 
nected with the polymerization of the activated fibrinogen, 7.e. Steps 2 
and 3. No attempt was made in this analysis to separate the formation 
of the intermediate polymer from the gel formation. 


*Presented in part at the Nineteenth International Physiological Congress, 
Montreal, Canada, August 31 to September 4, 1953. 
This work has been aided by a grant from the George Friedland Foundation Fund. 
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Materials and Methods 


The same fibrinogen and thrombin preparations were used in these ex. 
periments as in those described in Paper I (14). 

The pH determinations were made in a beaker surrounded by a jacket 
through which water at 25° was circulated. At pH values higher than § 
a current of CO,.-free air was blown in the reaction vessel. A Beckman 
general purpose glass electrode and a saturated calomel electrode were used 
in connection with a Cambridge model R pH meter on which the initial 
pH was read. The change in pH, however, was recorded with a Leeds and 
Northrup Speedomax type G model § recorder coupled to the pH meter. 
This arrangement permitted measurements of pH change with an accuracy 
of about 0.002 pH. | 

Samples of 10 ml. of fibrinogen solution having a concentration of 14 to 
15 gm. per liter of protein were adjusted to different pH values by adding 
0.05 n HCl or KOH and completing to a final volume of 11 ml. with 0.3 x 
KCl. The acid and alkali solutions also contained 0.3 m KCl in order to 
_ keep the ionic strength constant. The samples were left for at least 2 
hours in the refrigerator, then transferred to the electrode vessel. Suff- 
cient time was allowed for temperature equilibration. After constant read- 
ings were obtained on the pH meter, 0.2 ml. of thrombin solution of approx- 
imately 100 units per ml. concentration was blown into the fibrinogen solu- 
tion and the solution thoroughly mixed. The recording was started before 
the thrombin addition to obtain the base-line and continued until the pH 
again attained a constant value. 

The effects described in the present paper are small; therefore special 
care should be taken in their investigation. The fibrinogen and thrombin 
solutions should be pure and free of any buffering substance. All glass- 
ware should be of chemically inert glass (Pyrex brand glass proved to be 
_ satisfactory), cleaned thoroughly with cleaning solution, rinsed several 
times, and finally boiled twice in a large volume of distilled water. 


Results 


Over the whole pH range of clotting of fibrinogen by thrombin the proc- 
ess was accompanied by a change in pH. Below pH 8 an acidification was 
apparent, whereas above this pH a more complicated reaction took place: 
an initial acidification was followed by a pH change in an alkaline direction. 
For the purpose of this paper the shape of the pH shift curves is not of 
interest; only the magnitude of the pH shift, 7.e. the difference between the 
initial and the final, stable pH value, needs to be considered. In Fig. ! 
are recorded the results of three individual series of determinations. The 
pH shift, ApH, is plotted against the initial pH. The maximal pH shift 
occurred at an initial pH of 8.4 and the change diminished on both sides of 
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this pH, vanishing at the upper and lower pH limits of the clotting ability 
of fibrinogen. 

The same procedure as in Paper I (14) was employed to convert ApH into 
equivalents of hydrogen ions bound or released by fibrinogen. For this 
purpose it was necessary to establish the buffer value of fibrinogen as a 
function of pH. Fibrinogen was titrated under conditions similar to those 
of the pH shift experiments, 7.e at 0.3 ionic strength (given by KCl), 11 to 
14 gm. per liter of protein, and 25°. Individual samples were prepared by 
adding different amounts of 0.05 n HCl, or KOH (with 0.3 m KCl), to 10 
ml. of fibrinogen solution and completing to the same final volume with 


03m KCl. After equilibration in the cold the pH was determined at 25°. 
Because of the limited pH range under investigation, no correction was 
ApH 
- -15— 
e 
@ 
@ 
° ! | 1 1 bd ? 
pH: 6 7 8 9 10 


Fig. 1. pH shift during the clotting of fibrinogen by thrombin plotted against the 
initial pH. 


necessary for the free acid or alkali and for the alkaline error of the glass 
electrode. The amount of acid or alkali bound was calculated as equiva- 
lents of hydrogen ion per 10° gm. of protein. Table I summarizes several 
typical experiments. The titration data were plotted on a large scale and 
a curve which visually fitted best the experimental points was drawn. 
The increments of bound hydrogen ion, Ah, corresponding to intervals of 
0.1 pH were read from the curve; Ah/ApH was then calculated and plotted 
against the mid-point of the respective pH interval. With the knowledge 
of the buffering values, the ApH values can be converted easily to Ah, 7.e. 
change in the hydrogen ion equivalents bound by 10° gm. of fibrinogen. 
The values of Ah thus obtained are shown in Fig. 2. It is apparent. that 
the maximal amount of hydrogen ions, about 1 equivalent per 105 gm. of 
fibrinogen, was released at pH 6. Because of the steadily increasing buffer- 
ing capacity with decreasing pH, in this region the pH shift becomes rather 
small. This increases the uncertainty of the results. In spite of this, one 
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has the impression that the amount of hydrogen ions liberated is constant 
below pH 6, down to pH 5.5, the limit of the clotting ability of fibrinogen, 
Above pH 6 the amount of hydrogen ions released decreases without reach. 
ing, however, the zero level. 

The Ah versus pH curve of the activation process, described in Paper | 
(14), and the Ah versus pH curve of the over-all process were obtained 


TABLE 
Titration of Bovine Fibrinogen at 0.30 Ionic Strength and 25° 


Experiment I, 11.036 gm. | Experiment II, 12.984 gm. | Experiment IIT, 15.740 gm. 


fibrinogen per liter | fibrinogen per liter | fibrinogen per liter 
Equiva- Equiva- | | | 
Equiva- lents H* Equiva- lents H* Equiva- -lents 
lents H* H bound Net | lents H* H bound Net | lents H*. H - bound = Net 
103 added P per 105 charge* 103 added’ P per 105 | charge* 103 added P | per 105 charge* 
per liter gm. per liter gm. per liter | Be ee 
protein protein | | protein 
1.812 | 5.45 | 16.41 | +0.4 4.068 5.19 31.33 | +7.1) 2.719 4.99 17.27 4106 
0.906 | 6.08 | 8.20 | —7.8 3.255 | 5.44) 25.06 | +0.8 1.812 5.19 11.51 44.9 
0 6.94 | 0 —16.0 1.627 | 6.45) 12.53 |—11.7 0.906 5.40 5.75 | -0.9 
0 8.50) O —24.2) 0 5.96 0) —6.6 
Equiva- Equiva- | Equiva- 
Equiva- lents OH~ Equiva- lentsOH- Equiva-_ lentsOH- 
lents OH- bound lentsOH- bound | lentsOH~ bound 
103 added per 105 103 added per 105 10% added per 105 
per liter gm. per liter per liter | gm. | 
protein protein | | protein | 
0.458 | 7.65 4.15 —20.1 0.411 | 9.00 3.16 —27.3 0.458 6.21 2.90 -9.5 
0.917 | 8.61 8.30 —24.3 1.235 9.54 9.51 —33.7 1.375 6.86 8.73 —15.3 
1.375 | 9.16 12.45 —28.4 2.471 10.03 19.03 —43.2 1.834 7.29 11.65 \—18.2 
2.292 9.69 | 20.76 |_—36.7 3.294 10.24 25.36 |—49.5 2.292 7.86 14.56 211 
3.210 10.02 | 29.08 |—45.0 2.751 8.61) 17.47 24.0 
3.439 9.15 21.84 
| 4.127 9.53, 26.21 -32.8 


* Net charge was considered to be equal to the number of H* equivalents bound 
or dissociated by 105 gm. of protein from pH 5.50, the assumed isoelectric point of 
fibrinogen. 


under different conditions: one in the presence and the other in the absence 
of urea. (The ionic strength was identical, 0.3, in both cases.) Therefore 
they are not comparable unless the effect of urea upon the titration curve 
of fibrinogen is first ascertained. For this purpose, fibrinogen samples were 
adjusted to different pH values and then divided in two portions. To one 
portion concentrated urea solution was added and to the other distilled 
water and the pH determined at 25°. The final concentrations were 13 
to 15 gm. per liter of fibrinogen, 0.3 m KCl, and 3.33 m urea in one series 
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and no urea in the other. Fig. 3 shows the titration curves obtained in the 
pH zone 5.5 to 10. The curves nearly coincide at the alkaline end, but are 
diverging as the pH becomes more acidic. The curve in the presence of 


pH: 6 ? 8 9 10 

Fig. 2. Amount of hydrogen ions liberated during the over-all clotting process, 
calculated per 10° gm. of fibrinogen, plotted against the initial pH. The broken line 
shows, for comparison, the curve of hydrogen ion changes associated with the ac- 
tivation process (curve taken from Paper I (14), shifted with 0.1 pH unit in an acidic 
direction). 


-10 + 
-20 + 


«30 + 


pH: 6 ? a 9 10 
Fig. 3. Titration curve of fibrinogen in the absence (©) and in the presence of 
3.33 Murea (@). Ionie strength, 0.3; temperature, 25°. Amount of hydrogen ions 
bound ecaleulated per 105 gm. of fibrinogen. 


3.33 M urea is situated on the alkaline side of that without urea. At pH 
7.5, the apparent pK of the group found by the differential titration, the 
distance between the two curves amounts to approximately 0.10 pH unit. 
Thus, to make the over-all curve and the curve of the activation process 
comparable, the latter must be shifted by 0.10 unit in an acidic direction. 
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DISCUSSION 


The problem of the behavior of the hydrogen ion concentration during 
clotting of fibrinogen, plasma, or whole blood has been investigated by 
numerous authors (15-20). Obviously determinations on blood or plasma 
are of little importance, because fibrinogen represents only a few per cent 
of the total plasma proteins, and a change in its equilibrium with hydrogen 
ions will be buffered to a very great extent by the protein and inorganic 
buffer systems of plasma or blood. Investigations with relatively pure 
fibrinogen were conducted by Stuber and Lang (19) and by Eagle and 
Baumberger (20). In the experiments described by Stuber and Lang pro- 
nounced alkalization was found upon clotting, whereas Eagle and Baun- 
berger found no pH change. 

The pH shift during the clotting of fibrinogen by thrombin is the result 
of all the changes in the number or in the equilibrium constants of the dif- 
ferent dissociating groups of fibrinogen which occur through the successive 
steps of the process. The pH shift can be converted readily into change in 
bound hydrogen ions, Ah, and the analysis of the Ah versus initial pH curve 
can give valuable information on the nature of the groups involved. In 
Paper I (14) experiments were described which led to the determination of 
the changes in bound hydrogen ions connected with the first step of the 
process, 7.e. the activation of fibrinogen. On comparing the over-all curve 
with the curve of the activation process (Fig. 2), it is immediately evident 
that the pH change observed below pH 7 during the clotting process is 
caused by the gelation, since there is no difference in bound hydrogen ions 
between fibrinogen and activated fibrinogen solutions in this pH interval. 
On the other hand, the curve of the activation process shows the formation 
of one group with a pK of 7.5. Since this is not apparent on the over-all 
curve, one must conclude that some of the hydrogen ions liberated by the 
- action of thrombin upon fibrinogen at higher pH values are absorbed during 
the gelation. The fact that in a certain pH range the polymerization of 
the activated fibrinogen particles is accompanied by an absorption of hy- 
drogen ions was evident also from the pH recordings obtained above pH 8. 
On these the initial acidification, which is a consequence of the action of 
thrombin on fibrinogen, was followed by an alkalization, corresponding to 
the absorption of hydrogen ions during the gelation. 

Subtracting the properly shifted curve of the activation process from the 
over-all curve resulted in the experimental curve of Fig. 4, which is com- 
posed of two theoretical titration curves; the first corresponds to a group 
with an apparent pK of 7.0, giving up a proton, and the second to another 
group with an apparent pK of 8.2, accepting a proton. Each of these 
curves represents the dissociation of approximately 1 equivalent per 100,000 
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gm. of fibrinogen. Judging from the pK values, the first group is probably 
imidazole and the second one an amino group. Shulman and Ferry (21) 
have already pointed to the possible réle of the imidazole groups of fibrino- 
gen in the gelation process. There are indications that the formation of the 
fbrin gel, partly at least, is caused by hydrogen bonding of the activated 


! | | | | 
pH: 6 Te 8 9 10 
Fig. 4. Changes in bound hydrogen ions occurring during the polymerization of 
activated fibrinogen particles. The sum of the two theoretical titration curves, 
shown by broken lines, reproduces fairly accurately the experimental curve. For 
details see the text. 


fibrinogen molecules (22, 13). One may suppose that this bonding takes 
place between uncharged imidazole residues and a hydrogen donor group. 


N+H-—A— (1) 


This reaction results in an acidification if the imidazole originally was in the 
cationic form, whereas no shift of hydrogen ion occurs with the bonding of 
uncharged imidazole. ‘There are experimental data which suggest that the 
hydrogen donor partner in the bonding is the phenolic OH of tyrosine resi- 
dues (23, 24, 6, 25). 

It is much more difficult to visualize the process in which the group with 
pK 8.2 is affected during the gelation. Since the two groups, whose par- 
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ticipation in the gelation process was demonstrated in this paper, are ap. 
proximately equivalent, the most logical assumption would be their mutual 
binding. Close to neutrality, at which one of the groups dissociates (B), 
the reaction would be 


B—H* + H—A — B---H—A + H* (2) 
whereas at alkaline reaction, at which the other one (A) dissociates, 
B+ H* + A- B---H—A (3) 


B of this scheme was assumed above to be an imidazole group, whereas 
A—H should be an acidic group of the uncharged type with an apparent 
pk of 8.2. However, tyrosine OH, the only group of the required type 
dissociating in this neighborhood, has usually a pK well above 10 in most 
proteins. Although some special electrostatic configuration (some strong 
positive groups in the vicinity) may shift the pK considerably, there is no 
evidence that this actually occurs. 

The alternative hypothesis supposes that the two groups are involved in 
two different bonds. One of them would be the imidazole-tyrosine bond 
discussed already, whereas the second one a bond involving a cationic 
amino group. The charged amino group may form a salt-like bond with 
a negatively charged group, or possibly a hydrogen bond with a carbonyl 
oxygen. The latter hypothesis would require that the charged amino 
group form a stronger bond with CO than the uncharged one. There is no 
indication in the literature of such behavior, though the electrostatic char- 
acter of the hydrogen bond (26) may be considered as favoring an effect of 
this kind. 


SUMMARY 


The differential titration curve between fibrinogen and fibrin was ob- 
tained in an indirect way by recording the pH change during the clotting 
process. This curve represents the algebraic sum of all the changes occur- 
ring through the successive steps of clotting. Subtracting from it the curve 
of the activation process results in the changes connected with the polymer- 
ization. 

According to the analysis of the titration curves the polymerization in- 
volves two groups per 100,000 gm. of fibrinogen. One group with an ap- 
parent pK of 7.0 gives up a proton, while the other with an apparent pK of 
8.2 takes up a proton during the gelation. 

The nature of these groups and of the bonds in which they may take part 
is discussed. 
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MECHANISMS IN ENZYMATIC TRANSAMINATION 
RATE OF EXCHANGE OF THE HYDROGEN OF ASPARTATE* 
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AND THEODORE ENNS 


(From the Departments of Medicine and Physiological Chemistry, School of Medicine, 
The Johns Hopkins University, Baltimore, Maryland) 


(Received for publication, September 14, 1953) 


As a result of enzymatic transamination between an a-amino acid and 
an a-keto acid, the ketonic oxygen of the keto acid is replaced by an amino 
group and a hydrogen atom. ‘The amino group was shown by Tanenbaum 
and Shemin (1) to be derived from the original amino acid substrate without 
the intermediate formation of ammonia. The mechanism whereby an 
a-hydrogen atom is lost from the carbon chain of the original amino acid 
and acquired by that of the keto acid is not understood. 

Konikova et al. (2, 3) reported that, after 2 hours of reaction between 
deuterioalanine, labeled with deuterium in the a position presumably (4), 
and a-ketoglutarate catalyzed by a transaminase preparation derived from 
pig heart (5), the aqueous solvent became enriched with deuterium, while 
the glutamic acid formed during the reaction contained no excess of this 
isotope. In these and related experiments, the levels of deuterium meas- 
ured were so low as to make final conclusions somewhat difficult. 

Far more extensive losses of deuterium from an amino acid occurred after 
90 minutes incubation of labeled L-leucine with minced pig heart when no 
keto acid was added (6). No measurement was reported of the deuterium 
content of the aqueous solvent at the end of this experiment. 

These reports suggest several interesting questions. First of all, can ex- 
change of hydrogen be shown unequivocally to occur between amino acid 
substrates and the aqueous solvent during enzymatic transamination? Sec- 
ondly, if so, is this exchange definitely associated with the transaminase 
activity of the enzyme preparation used? And thirdly, if the rate of ex- 
change can be measured, is it quantitatively related to the rate of trans- 
amination? ‘This paper reports an attempt to answer these questions. 

Evaluation of Experimental A pproach—In these experiments, L-aspartate 
and a-ketoglutarate were incubated with a well defined, stable, and re- 


* This investigation was supported by research grants from the National Insti- 
tutes of Health, United States Public Health Service, and in part by the central 
isotope facilities supported by the Veterans Administration at the School of Medi- 
cine, The Johns Hopkins University. Presented before the national meeting of the 
American Chemical Society at Atlantic City, September 18, 1952. 
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producible transaminase preparation (7) in 99.8 per cent DO, pH 7.4, for 
various intervals during which the rate of transamination was measured 
spectrophotometrically. After short periods, during which the rate of 
transamination remained linear, the reaction was stopped by lowering the 
pH to3. The deuterium content of the glutamic and aspartic acids isolated 
from this system served as a measure of the exchange which had occurred 
between the hydrogen of the amino acid substrates and the deuterium of 
the solvent. These enrichments could be determined by mass spectrometry, 
with an average coefficient of variation of +6 per cent. Other errors were 
well within this limit. 

It was decided to use labeled water and to isolate the substrates, rather 
than vice versa, because this would obviate the need for preparing substrates 
labeled with deuterium in known positions and would permit detection of 
hydrogen exchange occurring at all stable positions in the substrate mole- 
cules. The use of 99.8 per cent D2O would give greatest sensitivity in 
measurement, especially needed in this work in which estimation of initial 
rates is essential (8), and would also avoid consideration of possible differ- 
ences between the rates of exchange of deuterium and protium. 

We have observed that the rates of enzymatic transamination are not 
significantly different in H.O and in D.O.! This does not necessarily mean 
that the rates of exchange of hydrogen are identical in both solvents, but 
it does indicate that the use of 99.8 per cent D.O as solvent produces no 
alteration in the over-all function of the enzyme. 

Because the purpose of this work was to obtain quantitative data, several 
control experiments were necessary: (1) incubation of aspartate, a-keto- 
glutarate, and glutamate singly with the enzyme preparation to determine 
whether or not this preparation was free of activity from interfering en- 
zymes; also incubation of aspartate alone with the enzyme preparation in 
DO to discover whether or not labeling this substrate with deuterium can 
occur independently of transamination; (2) development of a procedure 
- which permits isolation of unlabeled amino acids from 99.8 per cent D0 
and which achieves satisfactory separation of the amino acids from other 
components of the reaction mixture and also from each other; (3) deter- 
mination of the stability of the deuterium in the isolated amino acids dur- 
ing a second complete isolation from a mixture of the four substrates in 
buffer; (4) testing the effect of lowering the pH of the reaction mixture to 
3 as a means of stopping transamination and exchange of hydrogen simul- 
taneously. 


1 The rate of transamination in 99.8 per cent D.O at pH 7.71 was 66.3 mpm per ml. 
per minute and in H.O at pH 7.52 was 63.5 myM per ml. per minute. In both experi- 
ments final concentrations were 2.5 uM each of aspartate and of a-ketoglutarate and 
0.112 mg. of enzyme per ml. in 0.033 m phosphate buffer. 
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Results 


Stability of Single Substrates in Presence of Transaminase Preparation— 
The stability of L-glutamate in the presence of the enzyme preparation was 
tested by incubating, at 37.5°, 12.57 mg. of N'-1(+)-glutamie acid with 
33 42 mg. of the enzyme preparation in a total volume of 16.7 ml. of 0.033 
ut phosphate buffer at pH 7.4. A second identical amount of labeled gluta- 
mate was incubated under similar conditions without the enzyme. 10 ml. 
of a solution containing 100 mg. of unenriched glutamic acid per ml. in 2.5 
wx HCl were added to each solution after 30 minutes, and the glutamic acid 
was isolated from each mixture, purified, and analyzed for total N™ content 
after preparing the samples for analysis by the method of Rittenberg (9). 
Duplicate determinations of the N'® content of the glutamic acid isolated 
from the enzymatic mixture were 0.098 and 0.099 atom per cent excess, and 
from the non-enzymatic mixture were 0.097 and 0.101 atom per cent ex- 
cess. fa]> in2.5 N HCl was +31.49° and +30.92°, respectively, compared 
with +31.01° obtained with a sample of commercial glutamic acid recrys- 
tallized twice from conductivity water. 

The conditions observed in this experiment represented a period 3 times 
as long and an enzyme concentration about 18 times as great as that used 
in the experiment in which relative rates of transamination and exchange of 
hydrogen were measured. The data indicate that no significant destruc- 
tion of glutamate occurred even under these exaggerated conditions. 

The stability of L-aspartate was determined after incubating this sub- 
strate with the enzyme for 30 minutes at 37.5°. The rate of transamination 
was determined spectrophotometrically (7) when a-ketoglutarate was added 
to the incubated mixture and was compared with the rates obtained when 
fresh enzyme was added to the two substrates together and when the en- 
zyme was incubated alone for 30 minutes and then added to the two sub- 
strates. Final concentrations in all three experiments were 5 um of a-keto- 
glutarate, 1.25 um of aspartate, and 0.112 mg. of enzyme preparation per 
ml. in 0.033 m phosphate buffer, pH 7.37. The three rates were 44.7, 45.1, 
and 44.5 mum of oxalacetate formed per ml. per minute, respectively. 

The stability of a-ketoglutarate in the presence of the enzyme was de- 
termined in a similar manner. In this experiment, the final concentra- 
tions were 5 uM of aspartate, 0.625 um of a-ketoglutarate, and 0.112 mg. 
of enzyme preparation per ml. in the buffer. Again the rates of transami- 


nation (48.7, 48.7, and 48.5 mum of oxalacetate formed per ml. per min- 
ute, respectively) agreed within the limits of error of the spectrophotome- 
tric method. : 

For these experiments, the concentration of the substrate in question 
was chosen so that a 20 per cent reduction in this concentration during 30 
minutes of incubation with enzyme would produce a 10 to 15 per cent de- 
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crease in the rate of transamination. It is clear from the data cited that 
even during this extended period the transaminase preparation cannot de- 
stroy significant amounts of either L-aspartate or a-ketoglutarate alone, 

The kinetics of the decomposition of oxalacetate have been reported 
earlier (8). 

Test for Possible Contamination by Labeled Enzyme—aA very large amount 
of enzyme preparation (20 mg. per ml.) was incubated at 37° for a long 
time (2 hours) with small amounts of substrates (0.04 mg. per ml.) in 3.1 ml. 
of 0.060 m phosphate buffer, pH 7.3, in 9.7 per cent D2O in an effort to 
determine whether or not the enzyme might become heavily labeled during 
active catalysis and then give rise to highly labeled fragments which could 
follow the amino acids during their isolation. The reaction was stopped 
by lowering the pH to 2.8 with HNOs, and 200 mg. of each of the four sub- 
strates were added to dilute to unmeasurable levels any deuterium in the 
substrates of the reaction mixture. Glutamic and aspartic acids were iso- 
lated from enzyme, buffer, and keto acids (see ‘““Methods’’), but were not 
finally separated from each other. The amino acid mixture which was 
precipitated at pH 2.7 with acetone was reprecipitated from water by 
adding acetone; the deuterium concentration, in two measurements, was 
0.003 and 0.004 atom per cent excess, indicating no significant contamina- 
tion with labeled substances such as the enzyme preparation used here in 
great excess. 

Rate of Exchange of Hydrogen of Aspartic Acid at pH 3—Since earlier 
work had indicated that enzymatic transamination does not occur at pH 3, 
the effect of this pH on hydrogen exchange was determined by adjusting a 
solution containing 3 mM each of aspartic acid and a-ketoglutaric acid in 
0.033 m phosphate buffer, 99.8 per cent D.O, to pH 3 by adding concen- 
trated HNO 3. 16mg. of the enzyme preparation in 99.8 per cent D2O were 
then added, and the mixture, having a total volume of 40 ml., was incubated 
at 37.6 to 38.0° for 1 hour. The solution was then chilled and dialyzed in 
the cold against three 1000 ml. portions of 17 per cent D,O which had been 
adjusted to pH 3 with HNO3. Thus, during the entire period of exposure 
of the aspartic acid to the enzyme, deuterium was available for incorpora- 
tion into the amino acid molecules. The aspartic acid was isolated from 
the dialysates in the usual manner (see ‘‘Methods’’); it contained 0.0026 
atom per cent excess deuterium. Calculations show that, if each atom of 
deuterium represents 1 labeled aspartic acid molecule, a maximum of 0.02 
per cent of the total aspartic acid must have been labeled with deuterium 
in 1 hour at pH 3. 

Relative Rates of Transamination and Exchange of Hydrogen—Measure- 
ments of the rates of transamination and hydrogen exchange between the 
amino acid substrates and the solvent were made in Experiments A, B, and 
C of Table I (see ‘“Methods”). From the spectrophotometric data of 
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Fig. 1 the average net increase in optical density during any designated 
period of reaction may be computed, and this value may be divided by the 
corrected extinction coefficient of oxalacetate (7) to obtain the micromoles 
of oxalacetate formed per ml. of reaction mixture. In these experiments, 
21.6 um (30 (1.021 — 0.661)/0.499) of oxalacetate (and of glutamate) were 
formed in 5 minutes and 41.9 um (30 (1.358 — 0.661) /0.499) of oxalacetate 
(and of glutamate) were formed in 10 minutes in 30 ml. of reaction mixture. 
The linearity of the curves confirms calculations which indicate that the 
reverse reaction between glutamate and oxalacetate is still an insignificant 
factor at the end of 10 minutes. No correction is made for the spontaneous 
decomposition of oxalacetate (8), since this error is small compared with 
the error in estimating the intercepts of the three curves (+4 per cent) 
and the similar error inherent in the spectrophotometric method (7). 

In Experiment A, the glutamic acid formed in the reaction contains 
(21.6 + 3389) (0.065) (9)/21.6 = 92.4 atom per cent excess deuterium, cal- 
culated as all present in 1 of the 9 hydrogen atoms of the molecule. Sim- 
larly, the aspartic acid of the reaction mixture is labeled at a level of 
(600 — 21.6 + 3757) (0.102) (7)/(600 — 21.6) = 5.4 atom per cent excess 
deuterium, calculated as all present in 1 of the 7 hydrogen atoms of the 
molecule. 

If just 1 atom of the isotope is present in each labeled amino acid mole- 
cule, 92.4 per cent of the glutamate formed has incorporated deuterium, 
while, in 5.4 per cent of the remaining aspartate, hydrogen has been re- 
placed by deuterium from the solvent. It is estimated that in 10 minutes 
less than 6 per cent of the labeled aspartate could have participated in 
hydrogen exchange a second time. 

The low levels of isotope found in the amino acids of Experiment C indi- 
cate that transamination and hydrogen exchange do not occur to a signifi- 
cant extent at pH 3 and that both aspartic and glutamic acids can be iso- 
lated from 99.8 per cent D.O without the retention of significant amounts 
of deuterium. 

Stability of Deuterium in Amino Acids Isolated from Reaction Mixture— 
In order to determine whether the deuterium in the amino acid molecules 
is completely stable under the conditions of isolation, or whether it merely 
represents some indefinite residue remaining after partial loss of semistable 
deuterium, large amounts of glutamic and aspartic acids were isolated in the 
usual way from the transaminase system after 10 minutes of reaction with 
the enzyme in 99.8 per cent DO. During these and all other isolations 
reported in this paper, any deuterium exchanged for hydrogen at labile 
positions in the amino acids (as the hydrogen of the carboxyl group) was 
thoroughly washed out by repeated exposure of the acids to ordinary water. 
Samples of these labeled amino acids were then combined with oxalacetate 
and a-ketoglutarate so that there were equimolar amounts of the four sub- 
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strates. This mixture was incubated, without enzyme, at 37.6—37.8° for 
1 hour in 0.033 m phosphate buffer, pH 7.5, in normal water. The pH of 
the mixture was then lowered to 3 and the amino acids were isolated by the 
usual procedure. ‘Table II contains the values for the deuterium content 
of each amino acid, both before and after the non-enzymatic incubation, 
It will be seen from these data that no significant loss of deuterium from 
either amino acid molecule occurs during the second isolation. It is also 
clear that neither of the keto acids is able to effect exchange between the 
hydrogen of the solvent and the deuterium of the amino acid molecules 
when the enzyme is,omitted from the system. 

Rate of Exchange of Hydrogen of Aspartate EK ffected by Enzyme in Absence 
of a-Ketoglutarate—In Experiments D and FE, Table I, the system used was 
identical with that of Experiments A and B, except that a-ketoglutarate 
was omitted in order to determine whether or not the exchange of the hy- 
drogen of aspartate could be attributed to interaction between some compo- 
nent of the enzyme preparation and the amino acid alone. It is apparent 
from these data that, in the absence of the keto acid substrate, there is a 
94 per cent reduction in the rate of exchange between the hydrogen of the 
aspartate and the deuterium of the solvent. Thus only 6 per cent of the 
total exchange leading to the incorporation of deuterium in the aspartate 
of Experiments A and B appears to occur independently of transamination. 
In a repetition of Experiments D and E more than 1 year later this rate of 
exchange was only 3.5 per cent of that in Experiment A (see Experiments 
F and G), although the rate of transamination when a-ketoglutarate was 
added was the same as that observed in Experiments A and B. This sug- 
gests that the low rate of exchange observed in the absence of a-ketogluta- 
rate may not be associated with transaminase itself but with some other 
variable component of the enzyme preparation. 


EXPERIMENTAL 


Materials—The a-ketoglutaric acid was prepared from a sample obtained 
from the Nutritional Biochemicals Corporation. This material was repre- 
cipitated five times from ethyl acetate with petroleum ether (8). The 
melting range was altered by this treatment from 106—112°, obtained with 
the commereial product, to 114—117° (corrected) for the final material. 

The preparation of L-aspartic acid and of the enzyme was described ear- 
lier (8). 

Deuterium oxide (99.8 per cent) was obtained from the Stuart Oxygen 
Company and was used undiluted in preparing all of the solutions. 

Phosphate buffer (0.132 mM) was prepared according to the tables of Green 
(10) with Merck’s reagent KH2PO, and anhydrous NasHPO,. The 0.033 
mM buffer was prepared from this solution. 
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Methods 


Estimation of Rate of Exchange of Hydrogen during Enzymatic Trans- 
amination—In Experiments A and B, Table I, 1.68 ml. of a solution con- 
taining 20.16 mg. of the enzyme preparation in 10.00 ml. of 0.033 m phos- 
phate buffer, pH 7.5, 99.8 per cent D,O, were added quickly with stirring 


TaBLeE [ 
Deuterium Enrichment of Hydrogen of Transaminase Substrates 


| | Dilution with | Deuterium concentra- | Extent of deuter- 
Period normal acids tion measuredf ium incorporation 
Experi- Substrate present, 20 uM" 
utamic Aspartic Glutamic Aspartic Glutamic Aspartic 
| acid | acid {| acid acid acidg acid 
min. mae alom Ber | percent per cen 
| | | | 
t-Aspartate + 3.389 | 3.757 | 0.065 0.102 92.37 5.35 
 a-ketoglutarate | | | | | | 
10.0 | 3.389 | 3.757 | 0.119 | 0.227 | 87.49 | 12.29 
3.389 3.757 0.007 0.006 0.06 0.04 
40.05 3.005 0.087 | 2.44 
F “ 2.976 0.027 (0.76 
G 40.1 2.994 0.055 | 1.2 


*The reaction volumes were 30 ml. in Experiments A, B, and C and 50 ml. in 
Experiments D through G. The final concentration of the enzyme preparation in 
each experiment was 0.112 mg. per ml. 

t To obtain these figures for the atom per cent excess of deuterium, the deuterium 
content of distilled water, from which the isolated amino acids were crystallized, was 
used as a standard for the normal abundance of deuterium. 

t The figures represent 100 X the ratio of the amount of labeled glutamic acid to 
that of the total glutamic acid formed in the reaction. Each atom of deuterium is 
assumed to represent 1 labeled glutamic acid molecule. 

§ The figures represent 100 X the ratio of the amount of labeled aspartic acid to 
that of the total aspartic acid present in the reaction mixture. Each atom of deu- 
terium is assumed to represent 1 labeled aspartic acid molecule. 

| In this control experiment the pH was lowered to 3.0 before addition of the 
enzyme. 


to 28.32 ml. of a similarly buffered solution containing 600 uM each of L- 
aspartate and a-ketoglutarate in 99.8 per cent D.,O. The total mixing 
time was no more than 0.05 minute. The temperature of the mixture was 
maintained at 37.5° + 0.2° throughout the experiment. After the reaction 


had proceeded the desired length of time, 3 N HNO; was added quickly to 
lower the pH of the mixture to 3. The amino acids in the acidified reaction 
mixture were then diluted with known amounts (see Table I) of unenriched 
aspartic and glutamic acids, and the solution was dialyzed three times, each 
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for 12 to 24 hours, against a 10-fold volume of cold 0.001 N HNOs. The 
volume of the combined dialysates was reduced in vacuo at bath tempera- 
tures of 70° or less until the concentration of each amino acid was approxi- 
mately 10 to 20 mg. per ml. The solution was maintained at pH 6 by ad- 
ditions of NaOH while the phosphates were precipitated with an equivalent 
amount of 3 NAgNO;. The Ag3;PO, was filtered, and 3 nN AgNOs added to 
the filtrate in an amount equivalent to all of the carboxyl groups of the 
amino and keto acids present. Maximal precipitation of the silver salts 
was aided by raising the pH to 6, adding 4 volumes of absolute alcohol, and 
chilling the suspension. The precipitate was filtered, washed with small 
volumes of cold water, and resuspended in water. A slight excess of con- 
centrated HCl was then added and the resultant AgCl filtered and washed 
with water slightly acidified with HC] until the washings showed a negative 
ninhydrin spot test on filter paper. The filtrate and washings were evapo- 
rated at 60° until the concentration of each amino acid was 50 to 100 mg. 
per ml. This solution was chilled in an ice bath and saturated with dry 
HCl to precipitate glutamic acid hydrochloride, which was filtered onto 
sintered glass in the cold. The resulting filtrate? was evaporated to dryness 
at 65°, taken up in water, and evaporated to dryness several times more to 
remove as much HCl as possible. The residue was resuspended in water 
to give a final concentration of 50 to 100 mg. of aspartic acid per ml. and 
the pH adjusted to 3 with 10 per cent LiOH. 4 volumes of acetone were 
added and the precipitated aspartic acid was filtered onto sintered glass 
and recrystallized from water until contamination with glutamic acid was 
reduced to less than 3 per cent, as detected by the use of paper chroma- 
tography. 

The glutamic acid hydrochloride was dissolved in water, the resulting 
solution evaporated to dryness several times, and the residue resuspended 
in water. The pH of the final solution, containing 50 to 100 mg. of glutamic 
acid per ml., was adjusted to 2.9 with 10 per cent LiOH, 4 volumes of ace- 
tone were added, and the glutamic acid which precipitated was filtered onto 
sintered glass and recrystallized from water until contamination with as- 
partic acid was reduced to less than 1 per cent as determined chromato- 
graphically. 

The percentage of deuterium in the hydrogen from each amino acid was 
determined by a modification of the method of Graff and Rittenberg (11). 
Three combustion trains, designated for samples of approximately 0, 0.05, 
and 0.15 atom per cent excess deuterium, respectively, were used. The 
deuterium content of each gaseous sample was determined on a sector mass 
spectrometer specially constructed in this laboratory. Over a period of 


2 Better yields of aspartic acid were obtained in later experiments by extracting 
this filtrate with ether to remove keto acids. 
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2 years, measurements of 98 samples, in which enrichment ranged from 
0.0078 to 1.131 atom per cent excess deuterium, were made by this method, 
with an average coefficient of variation of +6 per cent. 

For Experiments D through G, Table I, the procedure was identical with 
that outlined above, except that a-ketoglutarate was omitted from the re- 
action mixture and normal glutamic acid was not added after the pH was 
lowered to 3. 

Measurement of Rate of Transamination——The rate of transamination in 
the reaction mixture was determined by the method and the same Beckman 
model DU spectrophotometer described by Nisonoff et al. (8). Aliquots 
of the solutions of enzyme and of substrates prepared for the experiment on 
the rate of exchange of hydrogen were combined in the quartz cells of the 
spectrophotometer to give the same final concentrations as in the hydrogen 
exchange experiment (see ‘“Experimental’’). Three series of measurements 
of the changing optical density were made to obtain the data plotted in 


Fig. 1. 
CONCLUSIONS 


It has been shown by the findings reported that, during the first 5 to 10 
minutes of enzyme-catalyzed transamination between aspartate and a-keto- 
glutarate, deuterium from the aqueous solvent is incorporated at a measur- 
able rate into the glutamate formed in the reaction and also into the as- 
partate which has not undergone transamination. 

In the glutamate formed, approximately 1 atom of deuterium is present 
for each molecule of glutamic acid. It seems likely that this deuterium 
is attached to the a-carbon atom, since this atom is undergoing change of 
substituent group during transamination, and since the exchange observed 
is approximately that to be expected for complete labeling of a single hy- 
drogen within each glutamate molecule. 

Hydrogen from the aspartate which has not undergone transamination 
is exchanged with the deuterium of the solvent water at an initial rate con- 
siderably greater than that of transamination. In the first 5 minutes of 
the reaction, 21.6/600 or 3.60 per cent of the total aspartate undergoes 
transamination, while, on a basis of exchange involving 1 hydrogen atom 
per molecule, 5.35 per cent of the remaining aspartate has incorporated 
deuterium from the solvent. After 10 minutes, 7.00 per cent of the aspar- 
tate has been transaminated and 12.29 per cent has acquired deuterium. 
It can be calculated that only negligible amounts of aspartate could have 
been formed (and so labeled) via reaction between the products, glutamate 
and oxalacetate. 

When a-ketoglutarate is omitted from the enzymatic system, the rate at 
which hydrogen from aspartate is exchanged with solvent deuterium is 
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reduced to about 3 to 5 per cent of the value observed when a-ketogluta- 
rate is present. Thus it is clear that the observed labeling of aspartate } , 
with deuterium in the complete system cannot be attributed to an “acti. | ¢ 
vation” of this substrate by the enzyme alone. Because of the dependence 
of hydrogen exchange upon the presence of a-ketoglutarate, it seems likely | 


1400 (1) k 
1300+ (2) - 
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i200F- 
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800}- 
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(CURVE2) 0 !234 5 6789 10 ll 12 
(CURVE3) O 123 45 6 7 8 9 10 II 12 
TIME IN MINUTES “ 
_ Fie. 1. Rate of increase in oxalacetate concentration (in terms of optical density bi 
units) in transamination mixtures containing 20 um each of aspartate and of a-keto- ‘ 


glutarate and 0.112 mg. of enzyme preparation per ml. of final solution, 0.033 m phos- 
phate buffer, pH 7.5, 37.6°. Curves 1 to 3 represent triplicate determinations of the pe 


rate of transamination in mixtures of aliquots of the solutions of substrates and of tie 
enzyme used in Experiments A, B, and C, Table I. di 
th 


that the observed exchange of aspartate hydrogen in the complete system 
is brought about by transaminase and not by some other agent in the prep- 
aration. 

Since a relationship has been demonstrated between the two reactions, 
hydrogen exchange and transamination, both catalyzed by the enzyme 
transaminase, it is possible to postulate a simple reaction mechanism which 
incorporates previous data and theories and may be of use in explaining 
these observations. de 


gluta- 
artate 
“acti- 
idence 
likely 


ensity 
-keto- 
phos- 
of the 
ind of 


prep- 


tions, 
zyme 
vhich 


ining 


XUM 


HILTON, BARNES, HENRY, AND ENNS 753 


We may postulate that some of the aspartate has exchanged its hydrogen 
when combined with the enzyme and a-ketoglutarate in a ternary complex. 
Such a complex has already been postulated from kinetic data (7). 

In a reversible reaction, an intermediary complex is thought to be the 
same for either of the two opposing reactions (12). For the reversible 
system, 


L-Aspartate + a-ketoglutarate — oxalacetate + L-glutamate 


kinetic measurements at equilibrium were shown to be compatible with the 
concept of common catalytic sites for either pair of reactants (13, 14), and 
therefore an identical activated complex for each reaction seems plausible. 
If the complex were to dissociate to form each pair of substrates in some 


TABLE II 


Effect of Isolation Procedure on Deuterium Content of Aspartic and Glutamic Acids 
Labeled during Enzymatic Transamination 


| | 
Order of sample* | Times isolated | Aspartic acid Glutamic acid 


atom per cent excess atom per cent excess 
1 Once 0.151 0.0585 
| 0.0534 
2 Twice 0.154 | 0.0564 
| : 0.151 0.0512 
3 | Once | 0.159 | 0.0443 
0.155 | 0.0499 


* Order in which the samples were run, both in the combustion train and in the 
mass spectrometer. 


constant ratio, then some aspartate molecules, for example, which had com- 
bined with the enzyme to form the intermediate complex would be released 
without undergoing conversion to oxalacetate. Such molecules might ex- 
perience exchange of hydrogen while in the activated state during combina- 
tion with enzyme, and the rate of regeneration of free aspartate might be 
directly related to the rate at which aspartate is labeled in a system such as 
that studied here. 


SUMMARY 


In a quantitative study of the rate of exchange of hydrogen during enzy- 
matic transamination between aspartate and a-ketoglutarate at pH 7.5 in 
D,0, the glutamate produced contained deuterium at a level apprvuaching 
latom of deuterium per molecule of glutamate. 

Approximately 1.7 atoms of aspartate hydrogen were replaced by solvent 
deuterium for every molecule of glutamate which was formed. This ex- 
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change of hydrogen between aspartate and the solvent did not occur jp 
the absence of the enzyme or at pH 3 in the presence of enzyme. 

In a system containing enzyme and aspartate alone, the aspartate be. 
came labeled with deuterium at a rate no greater than 6 per cent. of that 
found above. 

Certain implications of these findings are presented. 
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REACTIONS OF THE TRICARBOXYLIC ACID CYCLE IN 
GREEN LEAVES* 
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(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, January 22, 1954) 


The constituent reactions of the tricarboxylic acid cycle have been clearly 
demonstrated in certain non-photosynthetic plant tissues. Millerd e¢ al. 
(1) showed that mitochondria isolated from etiolated mung bean hypo- 
cotyles oxidized the individual acids of the tricarboxylic acid cycle and 
oxidized pyruvate to CO, and H;0O in the presence of catalytic amounts of 
some intermediate acid of the cycle. They further showed that incorpora- 
tion of inorganic phosphate into ATP! accompanied the oxidation of these 
acids. Further evidence that pyruvate was actually oxidized via the inter- 
mediates of the cycle was presented by Brummond and Burris (2), who 
demonstrated that mitochondria isolated from etiolated white lupine coty- 
ledons not only oxidized the individual acids of the cycle but also incor- 
porated C' from pyruvate-2-C™ into each of the intermediates of the cycle 
during pyruvate oxidation. Other workers (3, 4) also have isolated plant 
mitochondria which carry out these same oxidations. Although it has 
been reported that mitochondria can be isolated from green leaves of higher 
plants (5), no data have been published concerning the oxidation of acids 
of the Krebs cycle by such particles. Consequently it was considered im- 
portant to determine whether preparations could be obtained from green 
leaves which would catalyze the reactions of the cycle. The present paper 
presents evidence for the presence in leaves of all of the individual enzymes 
of the tricarboxylic acid cycle, and it discusses the intracellular localiza- 
tion and some of the properties of the individual enzymes. 


Methods and Materials 


Lupine plants (Lupinus albus) were grown under normal greenhouse con- 
ditions on sand without added nutrients, and the leaves or cotyledons of 
the green plants were tested for enzymatic activity when the plants were 
about 3 weeks old, unless otherwise specified. Particulate preparations 


* Published with the approval of the Director of the Wisconsin Agricultural Exper- 
iment Station. Supported in part by a grant from the Atomic Energy Commission. 

f Present address, Department of Pharmacology, New York University College of 
Medicine, New York. 

'The following abbreviations are used: ATP, adenosinetriphosphate; DPN, di- 
phosphopyridine nucleotide; TPN, triphosphopyridine nucleotide; CoA, coenzyme A. 
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were made by the same method used to obtain mitochondria from etio. 
lated plants (2); e.g., by grinding the leaves or cotyledons in 0.2 M sucrose 
and separating the fractions by differential centrifugation. Acetone pov. 
ders of the leaves were prepared by grinding the leaves in a Nixtamal mill 
straining through cheese-cloth, and adding about 6 to 7 volumes of cold 
acetone (—5°) to the filtrate while constantly stirring the mixture. The 
acetone was removed by suction on a Biichner funnel with a rubber dam 
placed over the top of the funnel to prevent passage of air through the pre. 
cipitated proteins. The proteins, after resuspension in cold acetone with 
a Waring blendor, were refiltered. The precipitate was sucked dry on the 
Biichner funnel, and the remaining acetone was removed under vacuum 
in a desiccator. 

95 per cent DPN was obtained from Dr. George Drysdale and 85 per 
cent pure TPN from the Sigma Chemical Company. “Liver coenzyme 
concentrate,”’ which contains CoA, TPN, DPN, ATP, and pyridoxamine 
phosphate, was obtained from the Armour Research Laboratory, Armour 
and Company. N-Methyl phenazine sulfate was synthesized by the 
method of Kehrmann and Havas (6), and was recrystallized once from 95 
per cent ethanol. d-Isocitric acid was isolated as the dimethyl lactone 
from the leaves of Bryophyllum calycinum, and the potassium salt of the 
free acid was obtained by saponifying this dimethyl lactone with excess 
KOH and titrating the excess alkali to pH 7.0 with HCl (7). a-Ketoglu- 
taric acid was obtained from the Nutritional Biochemicals Corporation and 
was recrystallized from either glacial acetic acid or from ethyl acetate by 
the addition of petroleum ether. .L-Malic acid was obtained from the 
Pfanstiehl Chemical Company and was purified by dissolving it in ethyl 
acetate-acetone (about 50-50 volume per cent) and precipitating it with 
petroleum ether. czs-Aconitic acid was prepared by Dr. F. 8S. Eberts from 
_trans-aconitic acid by the method of Malachowski and Maslowski (8). 
Potassium citrate was obtained from the Mallinckrodt Chemical Works. 
Succinate was obtained from the Baker Chemical Company and the fuma- 
ric acid was a product of the C. A. F. Kahlbaum Chemischefabrik. 

The conventional Warburg apparatus was used in the respiration studies, 
and the model DU Beckman spectrophotometer was used for the spectro- 
photometric observations. Escherichia coli, strain 4157, was grown by the 
method of Umbreit and Gunsalus (9) and Clostridium kluyveri (the culture 
was originally obtained from Dr. H. A. Barker) by the method of Barker.’ 


Results 


In earlier work (2) mitochondrial preparations were obtained from the 
cotyledons of 7 day-old etiolated white lupine seedlings. Such prepara- 


2 Personal communication from Dr. H. A. Barker. 
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tions had a low endogenous respiration, and it was easy to demonstrate an 
enhanced uptake of oxygen when any acid of the tricarboxylic acid cycle, 
except oxalacetate, was added. When the leaves of green lupine seedlings 
were subjected to a comparable fractionation, the particulate fraction cor- 
responding to the mitochondria from the etiolated seedlings contained 
many chloroplasts and had a high endogenous respiration which was not 
increased by the addition of citrate, succinate, or malate; a-ketoglutarate, 
however, was slowly oxidized. Although the endogenous respiration of 
particles prepared in 0.2 M mannitol or sorbitol was less than that in su- 
crose, there still was no demonstrable increase in oxygen uptake when the 
organic acids were added. Mitochondria prepared from etiolated coty- 
ledons by grinding in either sorbitol or mannitol solutions metabolized 
the acids of the tricarboxylic acid cycle as well as those prepared in sucrose 
solution. As the particles which readily oxidized the tricarboxylie acid 
eyele intermediates had been obtained from the cotyledons of etiolated 
plants, it was of interest to determine whether comparable particles pre- 
pared from green cotyledons had similar oxidative capacities. As with 
the green leaves, the respiration of the ‘‘mitochondria”’ obtained from green 
cotyledons was not stimulated by the addition of organic acids of the tri- 
carboxylic acid cycle. 

Subsequent experiments showed that there was demonstrable oxidation 
of the intermediates of the cycle by particulate preparations obtained from 
cotyledons of lupine plants grown under normal greenhouse conditions if 
the plants were harvested at the time the cotyledons were just emerging 
from the soil, and before the plants had become green. However, etio- 
lated plants that had been exposed to light for 48 hours yielded ‘‘mitochon- 
dria” with greatly decreased oxidative ability towards these same inter- 
mediates; the cotyledons of these plants were quite green. 

This loss of oxidative ability in the green plants was not due to light 
alone but probably arose from secondary effects, for cotyledonary ‘‘mito- 
chondria” from lupines grown in the presence of light but in the absence of 
free CO, for 5 days retained their ability to oxidize succinate, malate, 
citrate, and a-ketoglutarate at rates comparable to mitochondria from etio- 
lated cotyledons. In this experiment, etiolated lupines, which were started 
in 4 porous pot, were transferred to a bell jar upon emergence from the 
sand. The jar was sealed, and CO.-free air was passed in and vented. 
The inlet system had a trap containing 30 per cent NaOH; fluted filter 
papers were inserted in two beakers containing 30 per cent NaOH inside 
the bell jar to capture respired COz. These plants looked very much like 
those grown under normal greenhouse conditions, for the cotyledons turned 
green and the leaves began to develop. The cotyledons and the green 
leaves were examined separately for particles which would oxidize the cycle 
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intermediates. The particulate preparation from the leaves, in contrast 
to the cotyledons, did not oxidize acetate, succinate, or malate (0.002 y) 
plus acetate; however, it did slowly oxidize malate alone (0.01 mo). 
Distribution of Enzymes in Green Leaf—Since the cotyledons eventually 
may drop off the plant and probably contribute little to the over-all me. 
tabolism except in the young plant, it was thought desirable to investigate 
the localization in green leaves of the individual enzymes responsible for 
interconversion of the different member acids of the tricarboxylic acid 
cycle. Asa defect at any step in the transport of electrons to oxygen could 
be involved in the lack of demonstrable uptake of oxygen, autoxidizable 


dyes were added as oxidizing agents. N-Methyl phenazine sulfate, which | 


is autoxidizable and has the ability to react with reduced pyridine nucleo- 
tides, was used in most of these studies (10). Homogenates of leaves pos- 
sessed a very high endogenous respiration and could not be tested directly 
for oxidation of the various intermediates of the cycle. Consequently, 
three other types of preparations from leaves were examined for uptake of 
oxygen in the presence of added substrates and dyes. Green lupine leaves 
were ground with a mortar and pestle and quartz sand in 0.2 Mm sucrose, 
mannitol, or sorbitol. The ground material was passed through cheese- 
cloth, centrifuged at 25,000 * g for 20 minutes at 0°, and divided into a 
supernatant fluid and a particulate fraction. The supernatant fraction 
was dialyzed against 0.02 m phosphate buffer, pH 7.0, at 0° for 5 to 10 
hours and recentrifuged in the cold at 25,000 * g for 15 minutes, the pre- 
cipitate was discarded, and the supernatant fluid tested (Preparation A). 
The original precipitate was resuspended in fresh medium such as had been 
used in the grinding, and recentrifuged. The supernatant solution was 
discarded and the precipitate was resuspended in the grinding medium with 
0.02 m phosphate buffer, pH 7.0 (Preparation B). The acetone powder, 
prepared as described under ‘‘Methods and materials,” was extracted with 
5 ml. of 0.02 m phosphate buffer per gm. of powder, and the pH was ad- 
justed to 7.0. The extract, after centrifugation at 25,000 * g to remove 
the insoluble materials, was dialyzed 5 to 10 hours against 0.02 m phos- 
phate buffer at 0°, recentrifuged, and tested for activity (Preparation (). 

The system for testing uptake of oxygen consisted of 0.05 mg. of 1- 
methyl phenazine sulfate, 10 um of substrate, and 1 mg. of liver coenzyme 
concentrate per ml. of reaction mixture in the Warburg flask. The sub- 
strate was incubated in the presence of the enzymes during temperature 
equilibration, except in the experiments involving a-ketoglutarate and sue- 
cinate; these were tipped in from the side arm. The dye was added from 
the side arm about | minute before the zero time reading was taken. All 
solutions were neutralized with KOH or K:CO; prior to addition to the 
Warburg flasks, and only potassium phosphate buffers were used. ‘The 
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various preparations were tested for their ability to oxidize the intermedi- 
ates of the tricarboxylic acid cycle with the test system described, and the 
results are summarized in Table I. 

Aqueous extracts of the acetone powders of green lupine leaves, when 
fortified with the appropriate cofactors and electron acceptors, readily oxi- 
dized citrate, isocitrate, a-ketoglutarate, fumarate, and malate. The oxi- 
dation of succinate by this preparation was not demonstrated, but it was 
found that the supernatant fraction of ground leaves prepared in the ab- 
sence of a suspending medium readily oxidized this substrate. No suc- 
cinate oxidation by the particulate leaf material could be shown by the 
same test system. Thus the oxidation of the constituent acids of the tri- 
carboxylic acid cycle was demonstrated, and the conversion of citrate to 


TABLE I 


Qridation of Intermediates of Tricarboxylic Acid Cycle by Various Fractions from 
Green Leaves of White Lupine Seedlings 


Substrate 
Fraction* 
Citrate | Isocitrate | Succinate Fumarate Malate 
| | | 
Supernatant (Preparation 
Particulate (Preparation B). — —- | + Trace 
Extract of acetone powder | | 
(Preparation C).........| + | | + 


* The method for preparing each fraction is described in the text. 


oxalacetate is possible by this series of oxidations catalyzed by the enzymes 
extracted from green lupine leaves. 

All attempts to localize these oxidations in a subcellular particle similar 
to the mitochondrion isolated from the cotyledons have met with failure. 
Citrate is oxidized neither by the particulate nor by the supernatant frac- 
tion of the ground leaves prepared in 0.2 mM sucrose. Isocitrate, however, 
isreadily oxidized by the supernatant fraction but not by the particulate 
fraction. As the oxidation of citrate requires the combined action of ac- 
onitase and isocitric dehydrogenase, the absence of aconitase from the 
supernatant fraction and the absence of isocitric dehydrogenase from the 
particulate fraction would preclude the oxidation of citrate by either prepa- 
ration alone. Apparently the extract from the acetone powder of the 
ground Jeaves carried sufficient aconitase and isocitrie dehydrogenase to 
support a good oxidation of citrate. The separation of the aconitase into 
the particulate material and of the isocitrie dehydrogenase into the soluble 
fraction was nearly quantitative. 
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When lupine leaves were homogenized in 0.2 m sucrose and separated 
into particulate and soluble fractions, and these two fractions were tested 
for their ability to oxidize a-ketoglutarate, it was found that only the 
particulate fraction oxidized this substrate. However, if the leaves were 
ground in the absence of sucrose solution or other suspending agent, simi- 
larly separated into the two fractions, and tested, it was found that each 
fraction carried appreciable quantities of this enzyme system (in Fig. 1 the 
activity of the soluble fraction is given). Repeated freezing and thawing, 
followed by water extraction of the particulate material, transferred some 
but not all of the enzyme activity from the particulate to the soluble frac. 
tion. 

Succinic dehydrogenase is a very stable enzyme in many preparations 
from animal tissues, but in plants the enzyme frequently has been difficult 
to demonstrate because of its lability. Sueccinic dehydrogenase retains its 
activity for some time in mitochondria from etiolated seedlings, but it 
loses activity rapidly in preparations from green leaves of lupine seedlings. 
In such preparations succinic dehydrogenase appears in the supernatant 
fraction in contrast to its particulate location in preparations from etiolated 
seedlings (Fig. 2). Binding of the enzyme to a particle may stabilize it in 
isolated mitochondria, but this stability is lost to the non-mitochondrial 
succinic dehydrogenase of the leaf. The enzyme was stable to dialysis for 
5 to 6 hours at 0° but rapidly lost its activity upon incubation with suc- 
cinate at 30°. 

The behavior of fumarase had much in common with that of aconitase. 
Neither the particulate nor the supernatant fraction from green leaves 
would oxidize fumarate, but an undialyzed extract of the acetone powder 
readily oxidized it. (Malic dehydrogenase was present in this fraction.) 
Apparently the acetone treatment brought some of the fumarase into solu- 
_ tion; the solution converted fumarate to malate, which in turn was dehy- 
drogenated by malic dehydrogenase. As with aconitase, fumarase was al- 
most completely absent from the soluble preparations. 

Malic dehydrogenase was chiefly in the soluble fraction and only a trace 
of activity appeared in the particulate fraction. The acetone powder also 
yielded a highly active preparation upon extraction. 

Properties of Individual Enzymes—After the localization of the enzymes 
of the tricarboxylic acid cycle in the soluble or particulate fraction from 
green lupine leaves had been demonstrated, the properties of the individual 
enzymes were studied. Except with a-ketoglutaric dehydrogenase, these 
studies were made on extracts of an acetone powder from ground leaves. 
Particular attention was paid to establishing the cofactor requirements of 
each enzyme and the end-products of each reaction. 

The dehydrogenase for isocitrate oxidation was found to be TPN-spe- 
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cific, and spectrophotometric measurements indicated rapid reduction of 
this cofactor. No reaction occurred when the same preparation was tested 
with DPN as a cofactor. Oxygen uptake was noted with N-methyl phena- 
zine sulfate as the electron acceptor only when TPN was added. After 
oxidation periods of 10 to 20 minutes in the presence of TPN, the reaction 
products were examined for keto acid content by forming 2,4-dinitro- 


UPTAKE ¢ 
ef KE TOGLUTARATE 
OXIDATION 
40° 
VL. GAS 
UPTAKE 
SUCCINATE 
OXIDATION 
20. 
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MINU TES 10 20 
Fic. 1 Fig. 2 


Fig. 1. Oxidation of a-ketoglutarate by the soluble fraction from green leaves of 
lupine seedlings prepared without suspending medium. Substrate concentration, 
l0um per ml., total volume 3 ml., temperature 30°. No carrier dye added; endogenous 
uptake of oxygen subtracted (endogenous uptake about 10 per cent of that with added 
substrate). 

Fig. 2. Oxidation of succinate by the soluble fraction from green leaves of lupine 
seedlings ground without addition of a suspending medium. Substrate concentra- 
tion, 20 wm per ml.; total volume of reactants, 3 ml.; temperature 30°; 150 y of 
methylene blue added as the electron acceptor; endogenous uptake of oxygen sub- 
tracted (endogenous uptake about 10 per cent of that with added substrate). 


phenylhydrazones and separating them on silicic acid columns (2). Two 
products were separated; one was identified as the derivative of a-ketoglu- 
taric acid and the other as the 2,4-dinitrophenylhydrazone of oxalosuccinic 
aid. The identification was based on the position of the 2,4-dinitro- 
phenylhydrazones on the chromatographic columns (2). 

The malic dehydrogenase from green lupine leaves (Preparation C) did 
hot have the same specificity towards pyridine nucleotides exhibited by 
isocitrie dehydrogenase, for it readily reacted with either DPN or TPN. 
The end-products of the reaction, after oxidation of malate in the presence 
of either of these two cofactors and N-methyl phenazine sulfate, were ex- 
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amined for keto acids after formation of the 2 ,4-dinitrophenylhydrazones, 
With either cofactor an appreciable quantity of oxalacetate was found ag q 
product, but in addition some pyruvate always was detected. ‘The identi- 
fication was based on the chromatographic behavior of the 2 ,4-dinitro- 
phenylhydrazones of these acids (2). The pyruvate probably arose from 
enzymatic decarboxylation of the oxalacetate as it was formed, since subse- 
quent tests showed the presence of an active oxalacetate carboxylase. 

To determine whether or not it was a malic dehydrogenase or the malic 
enzyme that was reacting with TPN in the extract of the acetone powder, 
the reduction of oxalacetate and the reductive carboxylation of pyruvate 
were examined. Reduced TPN was prepared by allowing isocitrate to 
react with TPN in the presence of an extract of the acetone powder (Prep- 
aration C); oxalacetate or pyruvate plus CO, then was added. Absorption 
at 340 mu served as a measure of reduction or oxidation of TPN (Fig.+3), 
It is apparent that a rapid reaction involving oxidation of reduced TPN 
occurred in the cuvette containing oxalacetate, but not in the one con- 
taining pyruvate and CO,. The reaction with oxalacetate continued un- 
til nearly all of the TPN was oxidized, indicating that the equilibrium 
favored TPN oxidation and oxalacetate reduction; this result indicated 
that it was unlikely that an active malic enzyme was present (11). Chem- 
ically reduced DPN (12), when tested with oxalacetate in a similar man- 
ner, gave comparable results, and the rates of reaction were very nearly 
the same. 

a-Ketoglutarate was oxidized only by the particulate fraction of ground 
leaves prepared in 0.2 m sucrose; the supernatant fraction was inactive. 
If the leaves were ground in the absence of a suspending medium, how- 
ever, each fraction contained an appreciable quantity of the enzyme sys- 
tem. The soluble a-ketoglutaric dehydrogenase system prepared in this 
latter manner and dialyzed 5 to 6 hours at 0° required no added cofactors 
(Fig. 1), and even added dye (methylene blue or N-methyl phenazine 
sulfate) did not stimulate oxygen uptake. The cofactors tested were co- 
carboxylase, DPN, TPN, and liver coenzyme concentrate; MgCl. also was 
tried. Neutralized hydroxylamine hydrochloride at 300 um per ml. caused 
an increased uptake of oxygen. The ferric chloride test of Lipmann and 
Tuttle (13) revealed appreciable quantities of hydroxamic acid as a prod- 
uct of this reaction. This hydroxamic acid was not identified, but 1t was 
assumed to be succinohydroxamic acid. All attempts to show DPN or 
TPN reduction by any of these preparations were unsuccessful, and the 
terminal oxidizing system concerned here has not been determined. 

Oxidation of succinate was accomplished only by the supernatant frac- 
tion obtained from leaves ground without an added suspending medium. 
Fig. 2 illustrates the rate of oxidation by such preparations with added 
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methylene blue as an oxidant. The rate of oxidation fell rapidly after 5 
minutes and did not become stabilized; although lowering the temperature 
from 30-20° decreased the rate of inactivation, it also decreased the rate 
of succinate oxidation by a comparable amount. 

Evidence for the presence of the condensing enzyme is sketchy. Ground 
leaves incubated in the presence of malate and citrate plus acetate-1-C™ or 
pyruvate-2-C™ incorporated small but significant amounts of C™ into the 
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Fig. 3. Reduction and oxidation of TPN by enzymes from an extract of an acetone 
powder of ground green leaves from white lupine seedlings. During the first 10 min- 
utes the TPN was reduced by isocitric dehydrogenase; 1.0 um of TPN, 1.0 um of iso- 
citrate, and 200 um of phosphate buffer, pH 7.0, were added initially. At 10 minutes, 
1.0 um of oxalacetate or 1.0 um of pyruvate plus KHCO; saturated with CO2 (about 1.0 
ut) was added as indicated; a control without additions also was retained. The 
delayed oxidation of TPN in the control and in the cuvette receiving added pyruvate 
plus COz can probably be accounted for by the presence of a TPN oxidase. 


citrate which was reisolated. In the experiment with pyruvate, 46,000 
(p.m. of pyruvate-2-C" were added to the ground leaves and after an 80 
minute incubation at 30° the citrate and malate were isolated (2). The 
citrate contained 37 c.p.m. over background, and the malate had 247 c.p.m. 
over background. In the experiment with acetate, 90,000 c.p.m. of ace- 
tate-1-C were added, and the isolated citrate and malate gave corrected 
counts of 21 and 27 c.p.m., respectively. When acetate-1-C™ (75,000 
p.m.) were infiltrated into intact green lupine leaves, incubated for 1 
hour in the dark, and the citrate and malate were isolated, 366 c.p.m. 
were found in the isolated citrate and 390 c.p.m. in the malate. However, 
a direct demonstration of the condensing enzyme by the method of Ochoa 
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et al. (14), with extracts of either E. coli or C. kluyveri as a source of phos. 
photransacetylase, was not successful. 


DISCUSSION 


The data presented show that the individual enzymes responsible for the 
interconversions of the intermediates of the tricarboxylic acid cycle are 
present in the green leaves of young lupine plants, but that they apparently 
are not organized in a single enzyme complex as they are in the mito- 
chondria of etiolated lupine seedlings. Several concentrations of sucrose, 
mannitol, and sorbitol were tried as suspending media, but malic and iso- 
citric dehydrogenases always appeared almost exclusively in the super- 
natant fraction which was devoid of demonstrable fumarase, aconitase, or 
a-ketoglutaric dehydrogenase. Others have found sucrose ineffective in 
preserving the form of mitochondria in certain plant tissues (15). Possi- 
bly further experiments will show that the distribution of enzymes which 
we have found is an experimental artifact, and a further search may reveal 
a suspending medium which will yield an intact complex of enzymes. How- 
ever, as there is little cross-contamination between the particulate fu- 
marase or aconitase and the soluble malic and isocitric dehydrogenases pre- 
pared in 0.2 M sucrose, it seems likely that the enzymes are actually in 
different subcellular fractions according to the criteria of Hogeboom et al. 
(16). 

It is interesting that the oxidation of malic acid can be coupled through 
either DPN or TPN. In comparable observations, both Arnon (17) and 
Gibbs have found plant tissues which contain both DPN- and TPN- 
linked triosephosphate dehydrogenases. 

It is possible that the malic and isocitric dehydrogenases are brought 
into solution during the preparative procedure, but the behavior of a-keto- 
glutaric dehydrogenase makes this unlikely. a-Ketoglutarate oxidation 
was confined to the particulate fraction of leaves ground in 0.2 M sucrose, 
but a-ketoglutarate was readily oxidized by both the soluble and the 
particulate fraction of leaves ground in the absence of such a suspending 
material. That sucrose, a normal product of plant metabolism, should 
serve as a suitable suspending medium for particles from etiolated seedlings, 
but be specifically deleterious to the organization of enzymes on particles 
from green tissues, is improbable; it serves as an excellent medium for 
mitochondria from many tissues (1-4, 6, 16). 

Thus it is necessary for us to interpret the reactions of the tricarboxylic 
acid cycle in green lupine leaves in terms of enzymes which are distributed 
between the particulate and soluble portion of the leaf cell. This dissocia- 
tion of a particle-bound system such as occurs in the etiolated cotyledons 
may mark a decrease in the relative importance of the tricarboxylic acid 


eye 


for 
diff 
olat 
pre 
the 
fro 
spec 
TP 
of Or 
wert 
tO 2 
1.2 

2, 
3. I 
4, | 
5. 

6. 

i. 
8. \ 
9. U 
10. D 

12. L 
13. L 
l4. O 
15. 
16. H 
7. A 


Dhos- 


r the 
are 
ently 
nito- 
TOSE, 
iso- 
uper- 
e, OF 
ve in 
yhich 
eveal 
fu- 
ly in 
et al. 


ough 
and 
‘PN- 


ught 
keto- 
ation 
TOSE, 
| the 
\ding 
ould 
ings, 
ticles 
a for 


xylic 
ocla- 
dons 

acid 


D. O. BRUMMOND AND R. H. BURRIS 765 


eycle as an oxidative pathway in the green leaf as compared to the eti- 
olated cotyledon. 


SUMMARY 


The green leaves of young lupine plants have the enzymes responsible 
for the reactions of the tricarboxylic acid cycle, but they appear to have a 
different intracellular localization from the mitochondrial complex of eti- 
olated plants. F'umarase, aconitase, and a-ketoglutaric dehydrogenase 
preparations were associated exclusively with the particulate fraction of 
these preparations, whereas the isocitric, succinic, and malic dehydrogen- 
ases were 1n the supernatant fraction. The condensing enzyme recovered 
from the green leaf had low activity. Isocitric dehydrogenase was TPN- 
specific, but malic dehydrogenase reacted readily with either DPN or 
TPN. No measurable reduction of DPN or TPN accompanied oxidation 
of a-ketoglutarate. Both the a-ketoglutaric and succinic dehydrogenases 
were rapidly inactivated and supported no further oxygen uptake after 10 
to 20 minutes of substrate oxidation. 
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IDENTIFICATION AND ISOLATION OF DEHYDROISOANDROS- 
TERONE FROM PERIPHERAL HUMAN PLASMA* 


By CLAUDE J. MIGEON anv JOHN E. PLAGERT 


(From the Department of Biological Chemistry, University of Utah College of Medicine, 
Salt Lake City, Utah) 


(Received for publication, January 26, 1954) 


Various attempts have been made to measure 17-ketosteroids in blood. 
A review of these methods has been recently presented (1). Until the 
present time, however, no androgen has been identified from human plasma. 
The only isolation of androgenic substances from animal blood was made 
by West et al. (2) who identified testosterone and A‘-androstenedione in 
blood from the spermatic vein of dogs. In our laboratory it was found 
that peripheral human plasma contained material which gave the Zimmer- 
mann reaction and had an FR, value on paper chromatograms similar to 
that of dehydroisoandrosterone. This material was not extractable by 
ether, either directly or after @-glucuronidase hydrolysis, but was found 
after acid hydrolysis (1). 

This report describes the identification and isolation of dehydroisoandros- 
terone from human peripheral plasma. Smaller amounts of 17-ketoster- 
ids which may be androsterone or etiocholanolone were also regularly 
found. 


EXPERIMENTAL 
Preparation of Extracts 


Hydrolysis and Extraction—Two methods of hydrolysis were employed 
inthis study. In the first one, 8 ml. of concentrated sulfuric acid were 
used per 100 ml. of plasma. The mixture was maintained in a boiling water 
hath for 45 minutes, cooled to room temperature, and extracted three times 
with 5 volumes of ether. In the second method, the plasma was brought 
topH 0.5 with sulfuric acid and extracted continuously with ether for 48 
hours (3). In both cases, the ether extract was washed three times with 
03 volume of 10 per cent NaHCO; and then twice with 0.3 volume of dis- 
tilled water. After washing, the ether was removed by a current of air. 


*This work was supported in part by a research grant No. A-29(C2) from the 
National Institute of Arthritis and Metabolic Diseases of the National Institutes of 
Health, United States Public Health Service, and in part by the Medical Research 
ind Development Board, Office of the Surgeon General, Department of the Army, 
under contract No. DA-49-007-MD-136. 

tResearch Fellow of the National Institute of Arthritis and Metabolic Diseases, 
United States Public Health Service. 
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Column Chromatography—The extract was then chromatographed on 
columns of Florisil which had been prepared according to the method of 
Nelson and Samuels (4). One column efficiently handled an extract equiv. 
alent to 10 to 15 ml. of plasma. Each sample was dissolved in 5 ml. of re. 
distilled chloroform and added to the column. The elution was carried 
out with 15 ml. of chloroform and 35 ml. of chloroform containing methanol 
(98:2). The first eluate was discarded. For an extract of 100 ml. of 
plasma, seven to ten columns were used. 

Phenolic Separation—The phenols were extracted from the second eluate 
with 1 N NaOH, and the organic phase was washed with water and then 
evaporated to dryness. 


Characterization 


Paper Chromatography——An extract was prepared from 100 ml. of plasma 
and chromatographed on paper according to the method of Bush (5) with 
the system of solvents benzene-light petroleum (33:66) and methanol- 
water (80:20). Pure reference steroids were chromatographed alongside 
the extract. The 17-ketosteroids were visualized by spraying the paper 
with the Zimmermann reagents as described by Bush (6). <A purple spot 
corresponding to the Ry value of dehydroisoandrosterone (Rp = 0.59) 
was evident (Fig. 1, a) and was consistently obtained upon repetition of this 
procedure. <A second spot was also evident in the region where androster- 
one or etiocholanolone would be expected. 

In another experiment, the extract of 100 ml]. of plasma was chromato- 
graphed with light petroleum and methanol-water (85:15) system (Bush). 
Upon development with Zimmermann’s reagent, a spot with the Rp value 
of dehydroisoandrosterone (Rr = 0.187) was found (Fig. 1, b). A second 
spot was again found corresponding to androsterone or etiocholanolone. 

Preparation and Paper Chromatography of Acetate—An extract of 200 
ml. of plasma was prepared and chromatographed on paper. The strip 
with the reference steroid was sprayed with the Zimmermann reagents. 
The area of the chromatogram in the plasma extract strip corresponding to 
the reference dehydroisoandrosterone was eluted according to the method 
of Bush (5). The acetate of the eluted material was prepared by treating 
a solution of the crude extract in pyridine with acetic anhydride overnight, 
then removing the reagents by a current of air. The residue was chroma- 
tographed in the system light petroleum and methanol-water (85:15). 
Reference steroids, dehydroisoandrosterone and its acetate, were chroma- 
tographed simultaneously on a separate paper strip. After the paper was 
sprayed with Zimmermann reagents and heated, one purple spot was 
found corresponding to dehydroisoandrosterone acetate, the R» of which 
was approximately 0.8 (Fig. 1, c). 
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Spectrophotometric Curve of Zimmermann Reaction—80 ml. of plasma were 
extracted and chromatographed on paper. The area of the chromatogram 
corresponding to pure dehydroisoandrosterone was eluted. The 17-keto- 
steroid content of the eluate was determined by a micromodification of the 
Zimmermann reaction (1). Optical density was measured on a Beckman 
DU spectrophotometer from 400 to 640 my (see Fig. 2). The curves of 
88 and 14.4 y of pure dehydroisoandrosterone were also determined. The 
correspondence between the curve of pure dehydroisoandrosterone and 
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Fig. 1. Paper chromatograms of plasma extracts. (a) Extract from 100 ml. of 
plasma chromatographed in the solvent system benzene-light petroleum (33:66) 
and methanol-water (80:20); (b) extract from 100 ml. of plasma chromatographed in 
the solvent system light petroleum and methanol-water (85:15); (c) acetate of de- 
hydroisoandrosterone from 100 ml. of plasma chromatographed in the solvent system 
light petroleum and methanol-water (85:15). A, dehydroisoandrosterone; B, iso- 
androsterone; C, androst-4-ene-3,17-dione; D, androsterone; A Ac, dehydroisoandros- 
terone acetate; O, origin; U, unknown strip; S, reference steroid strip. 

Fig. 2. Absorption spectrum of the Zimmermann reaction made on eluate from 
plasma extract compared with that of pure dehydroisoandrosterone. 


that of the eluate was satisfactory, indicating the presence of a ketone group 
at C-17. 

By using the continuous extraction method it was found that normal 
adult plasma contained 25 to 60 y of dehydroisoandrosterone and 5 to 25 
7 of androsterone or etiocholanolone per cent. 

Action of 38-ol-Dehydrogenase—Samuels et al. (7) have reported the pres- 
ence of an enzyme system in several endocrine tissues which would convert 
4°-3-hydroxy steroids to A‘-3-ketones. More recent studies by these 
workers have indicated that the enzyme is specific for the 38-hydroxy] 
group. The dehydroisoandrosterone area of a chromatogram equivalent 
to 400 ml. of plasma was eluted, and its 17-ketosteroid content was deter- 
mined. Two-thirds of this material (equivalent to 0.157 um of dehydroiso- 
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androsterone) was then incubated with a 36-ol-dehydrogenase preparation, 
the remaining one-third being carried through the procedure without en. 
zyme as a control.!. The extract of the portion incubated with enzyme gave 
an ultraviolet absorption curve with a peak at 238 mu when read against 
the extract of the components of the system without enzyme. The curve 
was equivalent to 0.125 um of an a,8-unsaturated compound. It had the 
same Fy value as A‘t-androstene-3 ,17-dione and gave, with the micro-Zim-. 
mermann reaction, a color intensity corresponding to 0.105 um of A‘-andro- 
stenedione. The loss of 0.052 uo of steroid is not unusual for the amount of 
manipulation that the sample underwent. The control sample had no peak 
at 238 my, continued to give the Ry value of dehydroisoandrosterone, and 
showed the same proportional loss as the enzyme-incubated fraction. 

Infra-Red Spectrophotometry—The dehydroisoandrosterone area of a 
paper chromatogram equivalent to 450 ml. of plasma was eluted. On the 
basis of the micro-Zimmermann reaction, 180 y of 17-ketosteroids were 
present. This material was subjected to infra-red spectrophotometry, 
Its infra-red absorption curve was identical with that of authentic dehydro- 
isoandrosterone. 

Determination of Melting Point?—Samples from the dehydroisoandros- 
terone area of paper chromatograms from an associated clinical investi- 
gation now underway were pooled. When approximately 900 y of 17- 
ketosteroids were collected, this material was crystallized from a small 
quantity of light petroleum ether. The crystals were dimorphous, the 


needles obtained melting at 138-142° and the leaflets at 148-152°. An © 


authentic sample of dehydroisoandrosterone recrystallized by this proce- 

dure gave needles melting at 139.5-141° and leaflets at 151-153°. A satis- 

factory melting point of a mixture of the isolated compound and authentic 

dehydroisoandrosterone could not be obtained, owing to the fact that the 
amount of material isolated was too small. 


DISCUSSION 


It was previously noted that the plasma 17-ketosteroids with which we 
are dealing are probably neither free nor conjugated as glucuronides (1). 
Dehydroisoandrosterone sulfate was isolated from human urine (8), and it 


is possible that plasma dehydroisoandrosterone is also present as its sul- — 


fate ester. 


1 The authors are indebted to Miss M. L. Helmreich who earried out the ineuba- 
tion procedure. 

? The infra-red analysis of this sample was kindly performed by Dr. Lieberman 
and Dr. Lakshmanan of the Department of Obstetrics and Gynecology, College of 
Physicians and Surgeons, Columbia University, New York. 

3’ The melting points were taken on a Kofler micro hot-stage and have been cor- 
rected. 
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It is interesting to note that in human plasma the amount of dehydroiso- 
androsterone is greater than that of androsterone or etiocholanolone. This 
relation is different from that found in urine, as recent studies (9-11) show 
that 20 to 50 per cent of the “total” urinary 17-ketosteroids are of the 
sconfiguration. It is possible that the rates of excretion by the kidney of 
the various 17-ketosteroids might be different. 

One must also consider the problem of formation of artifacts. 1t has 
been suggested that dehydroisoandrosterone in urine is an artifact arising 
from 71-androstan-6-ol-17-one during HCl hydrolysis with heat (12). On 
the other hand, it has been shown that 7-andrustan-6-ol-17-one can be an 
artifact arising from dehydroisoandrosterone (13). In our continuous ex- 
traction, no HCl or heat was used for the hydrolysis. It seems probable, 
then, that this compound is actually present in the blood and, therefore, in 
the urine. Our results would support the view that 7-androstan-6-ol-17- 
one is the artifact. 

A theory of formation of dehydroisoandrosterone in vivo from A®-preg- 
nenolone and its 17-hydroxy derivative has been proposed (14). As these 
compounds can also be considered precursors of corticosteroids, measure- 
ment of plasma dehydroisoandrosterone as well as urinary dehydroisoan- 
drosterone (15) may be an important test of one phase of adrenal activity. 


SUMMARY 


Dehydroisoandrosterone has been isolated from human peripheral plasma. 


Its identification was based on (1) its Ry value on paper chromatograms, 


(2) the Ry value of its acetate, (3) the spectrophotometric curve of its 
Zimmermann reaction, (4) the characteristics of the conversion product 
after incubation with a 36-hydroxydehydrogenase preparation, (5) its infra- 
red spectrum, and (6) its melting point. 

17-Ketosteroids which may be androsterone or etiocholanolone have also 


_ been found in smaller quantities. 


The authors wish to express their grateful appreciation to Dr. Leo T. 
Samuels for his very valuable suggestions and great interest in this work. 
Thanks are also due Dr. Ian E. Bush and Dr. Avery A. Sandberg. We 


_ wish to acknowledge the faithful technical assistance of Mrs. Anne Keller, 
Miss Carma Darley, Miss Dean Baskin, and Mr. Car] Paul. 
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Karrer et al. (1) postulated that, when diphosphopyridine nucleotide 
(DPN) is reduced, a hydrogen atom is added to one of the carbon atoms a 
(ortho) to the nitrogen of the pyridine ring. Their evidence for the site 
of the reduction of DPN was arrived at by analogy between DPN and a 
number of model compounds. One of the model compounds studied was 
N“methylnicotinamide (NMeN). Recently, Pullman et al. (2), using deu- 
terium, have found the reduction of DPN to occur in the y (para) posi- 
tion. In the light of the results of Pullman e¢ al. it was of interest to in- 
vestigate the site of reduction of NMeN. In the present paper analogous 
experiments, with deuterium, are described demonstrating that reduction 
occurs in the para position. This conclusion is based on the findings that 
NMeN, labeled with deuterium by reduction in heavy water followed by 
chemical reoxidation, does not lose deuterium on conversion to the 2- or 
6-pyridones.' 


Materials and Methods 


Preparation of Deuterium-Labeled Reduced NMeN-—N'-Methylnicotin- 
amide iodide (NMeN-I) was prepared from nicotinamide as described by 
Holman and Weigand (3). The chloride salt of NMeN (NMeN-Cl) was 
prepared by shaking NMeN-I with moist silver chloride (1). Deuterium- 
labeled reduced NMeN was prepared by reducing NMeN-I in sodium car- 
bonate solution with sodium dithionite (hydrosulfite) as described by 
Karrer and Blumer (4). The solvent for the reduction was 99.5 per cent 
deuterium oxide. The reduced NMeN was extracted into chloroform (1) 
from the reaction mixture and subsequently the chloroform was removed 
by distillation in vacuo. The yellow oil remaining after the removal of 
the chloroform was dissolved in water. The spectrum of the reduced 
NMeN showed a single maximum at 360 my when examined in 0.1 m 


*Contribution No. 77 of the McCollum-Pratt Institute. Aided by grants from 
the American Cancer Society, as recommended by the Committee on Growth of the 
National Research Council, and the Rockefeller Foundation. 

'1-Methyl-3-carboxylamide-2-pyridone and 1-methyl-3-carboxylamide-6-pyridone 
will be designated here as the 2- and 6-pyridones, respectively. 
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tris(hydroxymethyl)aminomethane (Tris) buffer, pH 9.0. The spectrum 
shown by Karrer et al. (1), with a second peak at 290 my, is the result of 
decomposition, which occurs at pH values of 8 or lower.?- A molar extine- 
tion coefficient of 7.0 X 10% cm.” per mole (5) was used to convert optical 
density at 360 my to concentration. A Beckman, model DU, quartz 
spectrophotometer was used for all spectral measurements described in 
this paper. 

Oxidation of Reduced NMeN—Neutral ferricyanide was used by Pull- 
man et al. to oxidize reduced DPN (2). The extreme lability of reduced 
NMeN as a result of acid produced by the ferricyanide oxidation and the 
difficulties presented during the isolation of the oxidized compound by the 
addition of a buffer salt made the use of ferricyanide not practicable for 
the oxidation of reduced NMeN. It was found that silver oxide can be 
used successfully for this oxidation. In a typical experiment a suspension 
of silver oxide, 25 mM in 25 ml. of water, was mixed with 2.1 mm of reduced 
NMeN in 10 ml. of water. Prior to use, the silver oxide, freshly prepared 
from silver nitrate and sodium hydroxide, was washed with distilled water 
until neutral. After 10 minutes incubation at 25° the excess silver oxide 
and the silver produced in the reaction were removed by filtration and the 
alkaline filtrate was immediately passed through a 7 X 2 cm., 50 to 100 
mesh, Dowex 1 chloride column. The column was washed with water and 
the neutral effluent collected. The effluent was then taken to dryness in 
vacuo and the remaining residue was dried by adding a benzene-absolute 
ethanol mixture and redistilling several times. The slightly yellow residue 
was dissolved in boiling absolute ethanol. On cooling in the refrigerator 
overnight, there appeared a yellow tinted crystalline material, which was 
collected by filtration, washed with cold ethanol, and dried in vacuo over 
P.O;. When examined in 0.1 m Tris buffer, pH 9.0, it showed the spec- 
trum of NMeN and possessed a molar extinction coefficient of 4.33 X 105 
em.? per mole at 265 mu. An authentic sample of NMeN-Cl gave a molar 
extinction coefficient of 4.60 & 106 cm.? per mole when examined under 
similar conditions. The material isolated melted at 239-241°; reported 
for NMeN-Cl, 240° (1). From 2.1 mm of reduced NMeN, 0.9 mm of 
NMeN-Cl was obtained. 

Preparation of Pyridones—F¥or preparation of the 2- and 6-pyridones, 
an 11-fold dilution of the deuterium-labeled NMeN-Cl was made with 
non-labeled NMeN-Cl. The 2- and 6-pyridones were prepared and iso- 
lated as previously described (6). The identity and purity of the pyridones 
were established by their characteristic spectra and extinction coefficients 
previously reported (6). 

Deuterium Analyses—The deuterium-containing compounds were burned 


? Rafter, G. W., and Krebs, E. G., unpublished observations. 
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and the water was collected and converted to hydrogen over zine at 400° 
according to the method of Graff and Rittenberg (7). The deuterium 
content of the hydrogen was determined with a Nier type mass spectrom- 
eter. 


Results 


The results of two individual experiments are given in Table I. It may 
be seen from Table I that no significant amount of deuterium is lost upon 
formation of the pyridones from deuterium-labeled NMeN-Cl. This re- 
sult would be expected only if the reduction of NMeN occurs in the para 
position and not in either of the ortho positions. 


TABLE 
Deuterium Content of NMeN-Cl and Corresponding 2- and 6-Pyridones 


The preparation of the compounds is described in the text. The figures given 
are expressed as atoms of deuterium per molecule and have been corrected for dilu- 
tion of the NMeN. The variability of the measurements is expressed as average 
deviation from the mean. 


Experiment No. NMeN-Cl 2-Pyridone 6-Pyridone 
1 0.444 0.05* 0.44 4 0.038f 0.44t 
2  0.44t | 0.34 


| + 0.06* | 0.51t 


* Average from three combustions. 
t Average from two combustions. 
t Single measurement. 


The possibility that the deuterium content of the NMeN-Cl and of the 
pyridone is due to deuterium incorporated into the molecules by exchange 
may be ruled out. The reduced NMeN was essentially freed from deu- 
terium oxide by the chloroform extraction, and, in the subsequent reoxida- 
tion and isolation, the compounds were handled in relatively large volumes 


of normal water. Any exchangeable deuterium would be lost during these 
procedures. 


DISCUSSION 


N-Substituted nicotinamide compounds are known to exhibit reactivity 
toward a variety of reagents. In some cases an analogous type of reac- 
tivity, mediated by an enzyme, is known. The ease of reduction of the 
nicotinamide moiety represents one such type of reactivity. The produc- 
tion of an absorption band in the region of 320 to 360 muy is evidence for 
the reduced derivative (1). The finding reported in the present study 
that NMeN is reduced in the para position, and the similar result found 
for DPN (2), suggests that the para position is unique in regard to the 
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reduction process. Only recently has the reduction process been eluci- 
dated (8). It was shown that, with sodium dithionite, reduction of DPX 
proceeds by the addition of a dithionite derivative to the pyridine ring fol. 
lowed by hydrolysis of the sulfur-containing addition product. The latter 
is stabilized in the presence of strong base and represents the yellow inter- 
mediate observed in the reduction of DPN (9). It is reasonable to suppose 
that NMeN reduction occurs in a similar fashion. An orange intermediate 
has been observed by Karrer and Benz (10) during the reduction of NMeN 
with sodium dithionite. 

The reduction of the nicotinamide moiety may be pictured as the addi- 
tion of a nucleophilic reagent to an electron-deficient carbon atom. In 
addition to dithionite, a variety of reagents such as cyanide (11), bisulfite 
(11), and dihydroxyacetone (12) are known to react with N-substituted 
nicotinamide compounds to give an absorption band in the region of 320 
to 360 my. Kaplan et al. (13) have also shown with DPN that strong 
alkali (5 N) produces a transient band at 340 mu. These reagents would 
add to the pyridine ring without subsequent hydrolysis. Whether the 
addition of these reagents also occurs in the para position remains to be 
determined. 

Other workers have postulated that DPN (1) and NMeN (14, 15) are 
reduced in one of the ortho positions. There was no direct evidence for 
the ortho site of reduction, although there existed ample evidence for the 
reactivity of the ortho carbon atoms toward oxidizing agents. NMeN 
reacts with alkaline ferricyanide giving both the 2- and 6-pyridones (6), 
while Knox (16) has reported an enzyme found in rabbit liver that cata- 
lyzes the formation of the 6-pyridone from NMeN. Knox and Grossman 
reasoned by analogy that reduction might also occur in the 6 position (14). 
Pyridone formation has not been shown in the case of DPN. The reac- 
tivity of the ortho carbon atoms, like that of the para carbon atom, is ex- 
plained by the electron-deficient character of these carbon atoms which 
allows the addition of nucleophilic reagents. The pseudobase intermediate 
postulated in a-pyridone formation is formed by the addition of a hydroxy] 
ion to the nicotinamide moiety at one of the ortho positions (17). 

Doering and McEwen (18) suggest that the reactivity of the carbon 
atoms of N-substituted pyridine is dependent on the nature of the N sub- 
stituent. According to these authors, with an alkyl group, ortho reactivity 
would be expected, while an acyl group would give para reactivity. The 
results of the present study show that N substitution of nicotinamide does 
not have an analogous directing influence, since alkyl, as well as ribosy! 
(2), substitution leads to reduction in the para position. The fact that 
reduction occurs in the para position, while oxidation occurs in the ortho 
positions with NMeN, shows that both the para and ortho positions can 
exhibit reactivity under appropriate conditions. 
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SUMMARY 


By using deuterium as a label it has been found that N'-methylnicotin- 
amide is reduced with sodium dithionite on the carbon atom y (para) to 
the ring nitrogen. The reduction of N-substituted nicotinamide com- 
pounds is discussed. 
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The isolation and properties of growth hormone have been described by 
Li, Evans, and Simpson (1). Growth hormone prepared by this method 
was found to be homogeneous by the criteria of electrophoresis, ultracen- 
trifugation (2), and constant solubility. Contamination with other an- 
terior pituitary hormones was of a low order. However, the poor yield 
and extensive fractionation involved have motivated the investigation of 
other methods of isolation. Thus, Wilhelmi, Fishman, and Russell (3) 
have developed a procedure utilizing ethanol precipitation at low ionic 
strength and resulting in a larger yield of electrophoretically and ultra- 
centrifugally (4) homogeneous protein. The original procedure of Li, 
Evans, and Simpson has been simplified by Li and Pedersen (5), and the 
vield increased by the substitution of ethanol precipitation in the final 
stages of purification. However, preparations obtained by these methods 
(3, 5) appear to bear appreciable contamination as judged by biological 
assays and by electrophoresis. This has been noted both in the ethanol 
(6, 7) and the salt (6) fractionation procedures, and has been investigated 
in this communication. 

This paper is concerned principally with (1) describing some new ob- 
servations on the solubility of purified growth hormone, (2) applying these 
for attainment of a better separation of growth hormone from thyrotropic 
and gonadotropic hormones, and (3) presenting physicochemical] studies 
on growth hormone prepared by different methods. 


Methods 


Extracts of fresh frozen beef anterior pituitary glands served as starting 
material for the isolation of growth hormone and were prepared as follows. 
| kilo of finely ground pituitaries was extracted for 24 hours with 12 liters 
of distilled water, the pH of the entire mixture being maintained between 
11.0 and 11.5 by addition of calcium oxide slurry. The pH was then 
lowered to 8.6 to 8.7 by means of carbon dioxide, and the suspension was 


* Supported in part by the United States Public Health Service, grant No. RG-409 
(C4). 
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allowed to sediment overnight. The turbidity of the supernatant solution 
was removed either by centrifugation or filtration with the addition of Ce. 
lite. 

Crude growth hormone was precipitated from the clear extract by the 
addition of solid ammonium sulfate to 2.0 mM. The precipitate was redis. 
solved in 6 liters of water and the crude growth hormone reprecipitated at 
1.88 mM ammonium sulfate. In both precipitations the final pH of the 
suspension should be approximately 7.0 to facilitate flocculation and set- 
tling of the precipitate overnight. The crude growth hormone is thor- 
oughly dialyzed against distilled water and fractionated as described below, 
Throughout the procedure the temperature was maintained at 0-5°. 

All hormone assays, except mammotropic, were performed on hypo- 
physectomized female rats of the Long-Evans strain which were operated 
on at 26 days of age and which were 12 to 13 days post-operative. Growth 
activity was estimated by the 4 day tibia test (8). Thyrotropic (TSH) 
and interstitial cell stimulation (ICSH) and adrenocorticotropic (ACTH) 
activities were estimated in terms of minimal effective dose.!. Mammo- 
tropic hormone (MH) was assayed by the systemic test in 30 day-old Silver 
King squabs according to the procedure of Lyons (9). 

Solubility of purified growth hormone was determined after equilibra- 
tion with rocking for 16 to 20 hours at 2-3°. The protein in solution was 
determined either by the Kjeldahl method or by optical density at 278 my. 

Electrophoretic analyses were routinely performed at 0.5° in a Perkin- 
Elmer apparatus with a 2 ml. cell and a 1 per cent protein solution. Mo- 
bilities were calculated from the boundaries of the descending limb and 
conductivities of the pure buffers. 

The pH of protein solutions during fractionation was measured at 4-5° 
with a glass electrode standardized with known buffer at that temperature. 
_ Ammonium sulfate molarities are those after correction for volume ex- 
pansion of the solvent. 7 

Solubility Studies—The growth hormone used for determining solu- 
bility as a function of salt molarity and of pH was that prepared either by 
the method of Wilhelmi et al. (3) or of Li and Pedersen (5). No difference 
in solubility behavior was detected between the preparations obtained by 
either method. Representative solubility data as a function of salt mo- 
larity at constant pH and protein concentration are plotted in Fig. 1. 
At pH 6.6 and 9.6, growth hormone is 50 per cent precipitated at 4 Mm NaCl. 
However, at pH 4 a sodium chloride molarity of 0.75 is adequate for 50 
per cent precipitation of the hormone. Similar behavior is evident when 

1 The minimal effective dose is the weight of a preparation which, when injected 


intraperitoneally once daily for 4 days, will produce detectable histological repair 
of the atrophied target organs of an immature hypophysectomized rat. 


Percrant Prateain Pracrinitatad 


the 

4.( 

We 
sol 

les 

buf 

| 
Na 

per 

pH 

Fig 

in § 

It 

pro 

TS 

visi 

wit 
| 


lution 
of Ce. 


the 
redis- 
ted at 
the 
set- 
thor- 
de low, 


hypo- 
rated 
rowth 
TSH) 
CTH) 
mmo- 
Silver 


libra- 
n was 
8 mu. 
orkin- 

Mo- 
> and 


 4-5° 
ture. 
e@ @X- 


solu- 
er by 
rence 
by 
mo- 
ig. 1. 
NaCl. 
or 50 
when 


ected 
repair 


ELLIS, NODA, SIMPSON, AND EVANS 781 


the nature of the salt is varied. Thus, when ammonium sulfate is used, 
50 per cent precipitation is obtained at pH 6.6 with 1.25 m salt, and at pH 
4,0 with 0.6 m salt. 

The decrease in solubility of growth hormone noted in acidic solutions 
was further studied with respect to pH, salt and protein concentration re- 
maining constant. Fig. 2 illustrates the solubility behavior in 1.5 mM NaCl 
solutions buffered with acetate. Growth hormone becomes considerably 
less soluble in 1.5 M NaCl as the pH decreases from 5.0 to 4.3. Between 


90+ 
a 
70F 
S 
a + 
¢ 50 fe) =. 
WY) 
30+ 
az 
hae): 

Salt Molarity pH 
Fic. 1 Fig. 2 


Fic. 1. The solubility of growth hormone as a function of salt molarity and pH. 
0.1 per cent protein solutions; temperature 3°. O, NaCl, NaCsH;02-HC:H;02 
buffer; » = 0.03; pH 4.0. A, NaCl, NazHPO y-NaH2PO, buffer; u» = 0.05; pH 6.6. 
O, NaCl, NaOH-H3;BO; buffers; » = 0.02; pH 9.6. @, (NH,4)2S04, NaszHPO,- 
NaH.PO, buffer; = 0.1; pH 6.6. 

Fie. 2. The solubility of growth hormone in 1.5 M NaCl as a function of pH; 0.1 
per cent protein solution; temperature 3°. NaCsH;02-HC:H;O2 buffers; nu = 0.05. 


pH 4.3 and 3.6, the solubility declines only slightly, remaining at about 
) per cent of that at pH 5.0. 

Application of Solubility Data to Growth Hormone Purification—From 
Fig. 1 it is apparent that 80 per cent of the purified growth hormone present 
ina 0.1 per cent solution at pH 4.0 can be precipitated with 1.5 m NaCl. 
It would thus appear unnecessary to use 5 M NaCl, as required by the Li 
procedures (1, 5). For the purpose of separating growth hormone from 
TSH and ICSH, precipitation with such high salt concentration is inad- 
visable since the latter substances are almost quantitatively precipitated 
with 5 m NaCl at pH 4.0. Indeed, the protein soluble in 1.6 mM NaCl at 
pH 4.0 after the precipitation of the growth fraction from crude prepara- 
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tions is highly potent in both TSH and ICSH, as may be seen in Table I 
In view of these considerations, a purification procedure incorporating 1,5 
to 1.6 mM NaCl precipitation of growth hormone at pH 4 from dilute solution 
has been developed. 

A 1 per cent solution of the protein precipitated with ammonium sulfate, 
as obtained under ‘“‘Methods,”’ was prepared in distilled water at pH 4,0, 
Sodium chloride was added to 0.1 mM, after which the pH was adjusted to 


TABLE 


Distribution of Hormonal Activities in Various Fractions Obtained during 
Sodium Chloride Fractionation of Crude Growth Hormone 


Avera | Minimal effectiv 
vo, of ratsfTotal dove] 
material TSH ICSH 
per cent mg. msg. mg. 
0.1 m NaCl supernatant 28 7 0.05 36 | <0.1 <0.1 
solution (pH 5.0) 7 0.10 61 
1.6m NaCl (pH 4) ppt. 20 8 0.05 40 0.3-0.5 | 0.40.6 
| 8 0.10 60 
16‘ ‘* supernatant Ss 11 0.05 37) | <0.05 <0.05 
solution | 12 0.10 48 
Ist 1.5 m NaCl (pH 4) | 17 
ppt. | 
Ist 15 m NaCl (pH 4) | 3 5 0.04 30 0.1 0.1 
supernatant solution __ 6 0.08 33 
2nd 1.5 m NaCl (pH 4) 16 30 0.04 | 51 2-4 >4 
ppt. 37 0.08 65 
2nd 1.5 m NaCl (pH 4) 1 12 0.08 | 33 
supernatant solution 


* Difference in width in epiphyseal cartilage of injected and control animals, the 
_ average width of the controls being 160 4. The maximal standard error of A does 
not exceed +10 uz. 


5.0 and the resulting flocculent precipitate discarded after centrifugation. 
The clear, straw-colored supernatant solution, which should contain 0.25 
to 0.30 per cent protein, is adjusted to pH 4.0, and solid sodium chloride is 
slowly added with stirring to a final concentration of 1.6 m NaCl. The 
precipitate is redissolved at pH 4 to give a 0.2 to 0.3 per cent protein solu- 
tion, and NaCl is added to 1.5 m. This precipitation is repeated once 
more and the precipitate separated by centrifugation and dialyzed. The 
yield is 2.0 to 3.0 gm. per kilo of fresh glands, or 10 to 15 per cent of the 
crude ammonium sulfate precipitate. The temperature of the protein 
solutions should be maintained as near to 0° as possible throughout this 
procedure. 
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The distribution of hormonal activities in various fractions obtained in 
the sodium chloride fractionation is shown in Table I. The supernatant 
solution obtained from the protein precipitated with ammonium sulfate, 
after removal of the 0.1 m precipitate at pH 5.0, is potent in growth, TSH, 
and ICSH activities. The growth fraction is largely precipitated by 1.5 
and 1.6 M NaCl, with the only significant loss in the 1.6 m NaCl super- 
natant solution. The principal achievement of repeated 1.5 and 1.6 M 
NaCl precipitation is the great reduction in TSH and ICSH content of the 
growth fraction. 

Electrophoretic patterns of the crude growth hormone, precipitated 
with 1.5 mM NaCl, are shown in Fig. 3. At pH 4 the product appears ho- 
mogeneous; however, at pH 9.6 there occurs a separation into two distinct 
components of mobility: = 3.7 and w = 2.6 em.? 
sec, The fast moving component, which is inactive, can be removed 


ID} 2A 2D 


lA 


Fic. 3. Electrophoretic patterns and mobilities (u) of crude growth hormone pre- 
cipitated with 1.5 mM NaCl. (A) ascending and (D) descending limbs. 1A, 1D, 
NaC;H;02-HC:H302, pH 4.0, ux (buffer ionic strength) = 0.03; = 6.7 1075, 40 


minutes at 12.4 volts per em. 2A, 2D, NaOH-NH2CH:COOH, pH 9.6, ug = 0.1; 
mw = 3.7 X 1075, we = 2.6 X 10-5, 60 minutes at 7.5 volts per cm. 
from the 1.5 m NaCl precipitate by the following procedure. The thor- 


oughly dialyzed protein solution is dissolved at pH 4 to give a 1 per cent 
solution. By adjusting the pH to 5.7 to 5.8, the major part of the fast 
moving component is precipitated. Electrophoretic examination of the 
supernatant solution shows that from 15 to 20 per cent of the total protein 
may consist of the fast component. Removal of this remaining portion is 
troublesome. Generally adjustment of the pH of the supernatant solution 
to 6.0 to 6.3 precipitates it completely. However, by adjusting the pH of 
the supernatant solution directly to 6.3 to 6.4 after discarding the pre- 
cipitate obtained at pH 5.7 to 5.8, the fast component is invariably com- 
pletely precipitated. The resulting clear solution is then adjusted to pH 
8.7 and 1:1 aqueous ethanol is added slowly dropwise to a final concen- 
tration of 20 per cent. The protein solution should be rapidly stirred and 


the temperature of both ethanol and protein solutions should be maintained 
at 04°. The white granular crystalline precipitate is dialyzed and ly- 
ophilized. A kilo of fresh anterior beef pituitaries yields 0.5 gm. of growth 
hormone. 
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Biological assay of this preparation for growth activity and contamina. 
tion with other anterior pituitary hormones is shown in Table IT. Also 
included are assay data of growth hormone, prepared by strict adherence 
to the published procedures of Li and Pedersen and of Wilhelmi et al. 
With regard to growth potency, no perceptible differences were found 
among the various types of growth hormone preparations assayed. Hoy. 
ever, the level of TSH and ICSH contamination in preparations obtained 
by the modified method is markedly lower compared to that found in 
growth hormone obtained by the method of either Wilhelmi or Ti and 
Pedersen. 


TaBLe II 


Comparison of Potencies and Contaminations of Growth Hormone Prepared 
by Various Methods 


No. of | | Minimal effective dose 
assayed | | TSH ICSH ACTH MH 
| meg. meg. meg. omg. mg. 
1.5 NaCl 5 | 8 |0.01] 30 | 24 >10 
| g | 0.03! 47 | 
0.04 66 
| 0.08) 92 
Wilhelmi e¢ al. (3) 3 0.02) 34 0.1 0.1 >5 
| 17s 
| | 18 | 0.08 | 87 
Li-Pedersen (5) | 2 | 12 (0.04| 57 020.3 0.203 >10 210 
| 12 | 0.08} | | 


* See the foot-note to Table I. 


Electrophoretic studies of growth hormone prepared by the procedure 
of this paper have been made in buffers of 0.05 ionic strength at pH 4.0, 
8.2, and 9.6. The patterns are shown in Fig. 4. Although only one peak 
is present in all patterns, those from alkaline buffers are asymmetrical and 
suggest the presence of more than one protein. This is more clearly 
demonstrated by electrophoresis in 0.015 ionic strength buffers at pH 
9.6 and 4.0. The two partially resolved components appearing at pH 9.6 
have mobilities of uw, = 4.4 and w = 3.3 & volt see". 
The faster component is estimated to comprise 50 per cent of the total area 
in the descending pattern. At pH 4.0, the mobilities are u, = 8.9 X 10° 
and ps = 6.7 X 10-° em.? volt! see—'; 40 per cent of the area is occupied 
by the faster component. Electrophoresis of growth hormone prepared by 
either the Wilhelmi or the Li and Pedersen method gives patterns very 
similar to those in Fig. 4. 
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The lack of homogeneity of growth hormone obtained by any of the 
methods of preparation discussed above is also evident from the lack of 
constant solubility in the presence of increasing quantities of the solid 


1A 1D 2A 2D 


Fig. 4. Electrophoretic patterns and mobilities («) of growth hormone purified 
by the modified method. (A) ascending and (D) descending limbs. 1A, 1D, 
NaC:H;02-HC2H 302, pH 4.0, un = 0.05; uw: = 5.5 X 107-5, 60 minutes at 8.6 volts per 
em. 2A, 2D, NaV-HV, pH 8.25, up = 0.05; uw; = 2.1 X 10-5, 78 minutes at 12.3 volts 
prem. 3A, 3D, NaOH-NH2CH:2COOH, pH 9.6, = 0.05; wi = 3.4 1075, SI 
minutes at 8.8 volts perem. 4A, 4D, NaC.H ;O02-HC.H;O02, pH 4.0, wg = 0.015; wy = 
8.9 X 10°75, we = 6.7 K 1075, 30 minutes at 20.7 volts perem. NaOQH-NH2CH2- 
COOH, pH 9.6, wn = 0.015; wi = 4.4 K 1075, we = 3.3 X& 1075, 30 minutes at 19.3 volts 
per em. 
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Fic. 5. The solubility of growth hormone as a function of increasing solid phase. 
Dis is expressed as a 5-fold dilution of the original suspension and supernatant 
solutions. The maximal 1273 for the suspension is equivalent to 3 mg. of N per ml. 
Solvent composition, 3 m NaCl, 0.025 m NaH2.POy-NazHPO, buffer, pH 6.9. 


D7, Supernatant Fluid 


phase. Two solvent systems have been employed: 3.0 m NaCl in phos- 
phate buffer of pH 6.9 and 3.0 m NaCl in NaOH-H;BO; buffer at pH 9.6. 
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In both systems, plotting the protein dissolved versus the protein sus. 
pended in the solid phase yielded curves characteristic of solid solutions 
(10). In Fig. 5 is shown the solubility curve for a growth hormone prepa- 
ration whose electrophoresis patterns were presented in Fig. 4. This curve 
is representative of the results obtained with all growth hormone so far 
tested, regardless of the method of preparation, and indicates that these 
products are mixtures of at least two component proteins. 

The separation and characterization of the two components which appear 
to be closely associated and characteristic of growth hormone preparations 
will be discussed in a separate communication. 


DISCUSSION 


As the results described in this paper indicate, the Wilhelmi and the Li 
and Pedersen methods for growth hormone preparations yield products 
significantly contaminated with TSH and ICSH. The task of removing 
these contaminants is extremely difficult. However, a marked improve- 
ment in the separation of growth hormone from TSH and ICSH can be 
achieved by utilizing the hitherto undescribed insolubility of growth hor- 
mone in salt solution of moderate concentration at pH 4.0. It should be 
emphasized that the precipitation of growth hormone with 1.5 m NaCl at 
pH 4 must be carried out from dilute protein solution, 0.3 per cent being 
the maximal concentration. Precipitation from more concentrated solu- 
tion yields progressively higher contamination with TSH and ICSH. 

Electrophoretic examination of different growth hormone preparations at 
low ionic strength (0.015) at both pH 9.6 and 4.0 has revealed the existence 
of a common pattern of inhomogeneity. Additional evidence for inho- 
mogeneity has been obtained by determination of solubility as a function 
of increasing amounts of protein in suspension. As in the electrophoretic 
studies, the different growth hormone preparations studied all show solu-— 
bility curves characteristic of solid solutions. These facts indicate that 
the two or more proteins involved are closely similar in physicochemical 
properties, and are present in growth hormone as it is generally prepared 
for use in biological investigations. Whether one of the proteins is a de- 
naturation product of the other, or a distinct and independent protein of 
perhaps different biological properties, will be settled by further investi- 
gation. 


SUMMARY 


1. The solubility of purified growth hormone in 1.5 m NaC] solutions 
decreases sharply with the decrease of pH from 5.0 to 3.5. 

2. Growth hormone is 80 per cent precipitated from 0.1 per cent solu- 
tion at pH 4.0 by 1.5 m NaCl. 
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3. This solubility property of growth hormone may be used to obtain a 
more extensive separation from thyrotropic and interstitial cell-stimulating 
hormones, as compared to other methods of preparation. 

4, Electrophoretic and constant solubility studies on growth hormone 
prepared by three different methods show the various preparations to be 
solid solutions constituted of several partially resolvable electrophoretic 
components. 

5. Electrophoretic homogeneity of growth hormone preparations can be 
most effectively studied at pH 9.6 and 4.0 in buffers of 0.015 ionic strength. 
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SOME PRECURSORS OF THE 5-HYDROXYMETHYLCYTOSINE 
OF Tért BACTERIOPHAGE* 


By SEYMOUR 8. COHEN ann LAWRENCE L. WEED 
(From the Children’s Hospital of Philadelphia (Department of Pediatrics), and the 
Depariment of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania, and the Department of 


Bacteriology, Army Medical Service Graduate School, Walter 
Reed Army Medical Center, Washington, D.C.) 


(Received for publication, February 13, 1954) 


A new pyrimidine, 5-hydroxymethylcytosine (HMC) (1, 2), has been 
isolated from bacterial viruses of the T even type, which multiply in E’scher- 
ichia coli. Deoxyriboside (3) and deoxyribotide (4) derivatives from this 
source have also been described. These components are not present in 
appreciable quantities in the nucleic acids of £. coli or of other cells, or in 
any other virus analyzed to date. Cytosine is completely absent from the 
T even viruses, being replaced by HMC in the deoxyribonucleic acid 
(DNA), the sole nucleic acid of these viruses. 

This report presents some data on the origin of the hydroxymethyl group 
as well as the ring of this new compound. In earlier studies on the bio- 
synthesis of the pyrimidine ring itself (5), the bacterial host pyrimidines 
were first labeled independently of the purines by growth in C-labeled 
orotic acid. After multiplication of T6r* bacteriophage in this pyrimidine- 
labeled host in the absence of exogenous orotic acid, it was found that the 
resulting progeny contained labeled pyrimidines. This demonstrated the 
utilization of host DNA to form pyrimidines of the virus, since it had been 
shown that preformed ribonucleic acid (RNA) is inert in the virus-infected 
cell (6, 7). 

The pyrimidine bases were isolated from DNA in the form of the de- 
oxyribonucleotides and characterized by their chromatographic properties 
and ultraviolet absorption spectra. From these properties it was con- 
sidered that nucleotides of thymine and cytosine had been isolated from 
the virus. As described elsewhere (4), a thymine-containing nucleotide had 
been correctly identified, but the substance thought to contain cytosine 
proved to be a combination of nucleotides of HMC and thymine with var- 
lous properties quite similar to those of a diphosphonucleotide of cytosine. 
Accordingly, studies have been repeated and extended on the origin of the 
pyrimidines of T6r+, improved methods for the isolation and characteriza- 
tion of the nucleotides and the free bases being used. 


* This work was done while one of us (S. S. C.) was in receipt of a grant from the 
Commonwealth Fund. 
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In the studies that follow, orotic acid-2-C™ or serine-3-C™ has been used 
as the pyrimidine precursor. In the former instance, the rings of both 
thymine and cytosine of bacterial DNA are labeled, whereas in the latter 
it is principally the thymine that is tagged. It is known from work on 
various organisms that the purines, adenine and guanine, incorporate two 
l-carbon fragments, at C2 and Cs, which may be derived from serine-3- 
C¥ (8), that the synthesis of thymine requires but one such fragment for its 
methyl group (9), and that the formation of cytosine does not involve such 
a moiety (10). It was, therefore, anticipated that growth of F’. coli in the 
presence of serine-3-C™ should lead to labeling of thymine, but not of cyto- 
sine. The isotope content of virus pyrimidines derived from such a selec- 
tively labeled host was of interest. Finally, labeled serine was employed 
in the medium during virus multiplication to determine whether the hy- 
droxymethyl group of HMC was derived from a common source of 1- 
carbon fragments such as the 8-carbon of serine. 


Methods 


The properties and growth of the host bacterium, EF. coli, have been 
described in detail (11, 12), as have been the course of virus multiplication, 
nucleic acid synthesis in T6r+-infected cells, and the isolation of T6r* virus 
from lysates. Ip experiments in which orotic acid was the source of iso- 
tope, bacterial DNA was isolated by a combination of the Schmidt and 
Thannhauser (13) and Schneider (14) procedures, whereas virus DNA 
could be obtained directly from virus by means of the latter method. The 
DNA of E. coli or of virus was then hydrolyzed in N HCl, and the diphos- 
phonucleotides of the pyrimidines were isolated by a combination of paper 
chromatography and ion exchange chromatography (4). The products 
thus separated by virtue of several chromatographic properties possess 
their distinctive ultraviolet absorption spectra. In some experiments the 
nucleotides were further hydrolyzed with formic acid (2) to liberate their 
pyrimidine component, which was also identified by means of chromato- 
graphic properties and characteristic absorption spectra. 

In experiments in which serine was the source of isotope, special pre- 
cautions were taken to assure the elimination of the sugar component of 
the nucleotides and of possible amino acid contaminants. DNA prepara- 
tions from the bacteria and virus were hydrolyzed with formic acid (2), 
and the free pyrimidines were separated on paper in isopropanol HCl. The 
individual bands were eluted with water, and the eluates, which were 
adjusted to pH 8 to 9, were added to an ion exchange column, Dowex 1, 
partially converted to the hydroxy] form by washing with very dilute alkali 
until the effluent was pH 8 to 9. The substances were eluted from the 
resin with 0.002 n HCl, and these eluates were taken to dryness. Aqueous 
solutions of the compounds were then applied to paper and chromato- 
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graphed in butanol-water. The compounds were eluted in dilute acid, 
analyzed spectrophotometrically, taken to dryness on planchets, and as- 
sayed for radioactivity. 

The orotic acid-2-C™ was kindly given to us by Dr. D. W. Wilson of the 
University of Pennsylvania. p1t-Serine-3-C™ was generously provided by 
Dr. J. Stekol of The Institute for Cancer Research in Philadelphia. Under 
the conditions of assay in thin dried films by means of a windowless counter, 
the orotic acid used had an activity of 52,000 c.p.m. per mg. The pDL- 
serine-3-C'4 was diluted with 4 times its weight of L-serine, and had an 
activity of 289,000 c.p.m. per mg. 


EXPERIMENTS 


Transfer of Bacterial Pyrimidines to Virus DN A—Bacteria were grown 
exponentially to 3 X 10° per ml. by rotation (15) in 300 ml. of a mineral 
medium containing 3 gm. of glucose and 3 mg. of orotic acid-2-C“%. The 
cells were chilled, centrifuged, and washed twice in cold mineral medium. 
One-half of the cells was precipitated in 2 per cent perchloric acid, washed 
in acetone, and dried in vacuo over P.O;; the cells weighed 340 mg. The 
remaining half of the bacteria was resuspended at the same concentration 
in the medium free of orotic acid. The cells were infected at a 6-fold 
multiplicity of T6r* virus in the presence of 50 y of tryptophan per ml. 
The culture was aerated by rotation until lysis occurred, and virus was 
isolated following two cycles of differential centrifugation. The pyrimi- 
dine nucleotides were isolated from host DNA and from virus DNA as 
described above. 

The specific activities of the pyrimidines are presented in Table I. The 
results show that the pyrimidine ring of thymine and HMC can be derived 
in part from the pyrimidines of host nucleic acid. The extensive dilution 
of a pyrimidine ring derived from host in virus thymine and HMC can be 
accounted for in large measure by the extensive net synthesis of DNA in 
this system (11). 

Incorporation of Activity from Serine-3-C'—In a typical experiment, F. 
coli was grown to 6 X 108 per ml. in 1.5 liters of mineral medium contain- 
ing 1.5 gm. of glucose plus 18.75 mg. of serine-3-C™. This concentration 
of serine, in which the p and L isomers were in the ratio of 1:9, had no de- 


. tectable effect on the rate of bacterial growth or on the course of virus 


multiplication. The culture was chilled and centrifuged, and the cells 
were washed twice in mineral medium. The cells contained in 1 liter of 
culture were resuspended in two batches of mineral medium of 1 liter each 
at a concentration of 3 * 108 bacteria per ml. The remaining cells were 
precipitated and dried as described above as a source of host DNA; the 
cells weighed 135 mg. 

To one of the liter batches of labeled cells were added 5 mg. of unlabeled 
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serine (9 L isomer-1 D isomer), 50 mg. of tryptophan, and 1.8 & 10” Tér 
virus particles. To the other were added the same constituents, with the 
difference that the serine was labeled. The cultures were aerated until 
lysis occurred, and were observed to have achieved a 7- to 8-fold increment 
of DNA during virus multiplication. Virus was isolated from each culture 
by two cycles of differential centrifugation. The purines and pyrimidines 


TABLE 


Pyrimidine Nucleotides of DNA of Bacteria Grown in Radioactive Orotic Acid and of 
Virus Produced in Labeled Host 


| 


Host nucleotides | Virus nucleotides 
| C.p.m. | | 
Base | per mM Base C.p.m. per uM 


* Isolated as diphosphate, monophosphate, and free base respectively. 


TABLE IT 


Labeling of DNA Bases of Bacteria Grown in Serine-3-C™, and of Virus Produced in 
These Bacteria in Presence and Absence of Labeled Serine 


The values are given in counts per minute per micromole. 


Experiment A. Bacteria Experiment Tore produced Experiment Tors produce in 
| i | 
Substance | a oe (2) | Substance | (1) (2) Substance | (1) | (2) | (3)° 
Adenine 2 2730 30. 2470 | Adenine | 310 126) Adenine | 1920 840 | 1570 
Guanine § 2840 2280 Guanine 502 208 | Guanine 2090 | 740 | 1450 


Thymine | 1450 | 1120 Thymine 55 63> Thymine 950 | 440 | 590 
Cytosine 157 110 HMC 23 | #10 HMC 700 800 


* Virus produced in unlabeled host. 


of host DNA and virus DNA of each batch were isolated as described 
above. The specific activities are presented in Table IT. 

As seen in Table II, Experiment A, F. coli incorporates serine under the 
conditions described, and utilizes the B-carbon of this amino acid in purines, 
thymine, and cytosine of bacterial DNA in the ratios of 2:1:0.1 respec- 
tively. 

In virus produced in labeled bacteria in the absence of labeled serine, as 
presented in Experiment B, the dilution of thymine and adenine was some- 
what greater than that accounted for by net DNA synthesis, whereas that 
of guanine and HMC was slightly less than the expected dilution. Al- 
though the ratios of bases in the DNA of FE. coli are approximately 1:1:1:1, 
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the ratios in ‘T6r* were considerably different. Although thymine and 
adenine and guanine and HMC were approximately equal, the concentra- 
tion of thymine was about twice that of HMC. Production of virus DNA, 
therefore, required far more synthesis of thymine than of HMC, presum- 
ably from non-radioactive precursors from the medium. 

The low activity of the HMC in the experiments presented indicates that 
the methyl group of thymine is not converted in large amounts, if at all, 
to —CH.OH, and that the —-CH.OH in this experiment was derived from 
essentially unlabeled precursors such as the glucose of the medium, rather 
than serine or hydroxymethyl donors stored in the host. This may be 
taken to signify that cytosine but not thymine is the host precursor of 
virus HMC. 

As can be seen in Experiment C, virus grown in the presence of serine-3- 
C# contained highly active HMC, which in one experiment slightly ex- 
ceeded the activity of thymine. Since the ring of cytosine formed in the 
presence of serine contained little isotope, and HMC, whose ring is derived 
from cytosine or cytosine precursor, contains relatively large amounts of 
C4 it is concluded that the hydroxymethyl group contains this isotope, 
derived from the 1-carbon fragment contributed by the 6-carbon of serine. 


DISCUSSION 


In experiments of Reichard and Estborn (16, 17) with the rat, deoxy- 
cytidine labeled in the pyrimidine component was utilized to form labeled 
cytosine and thymine of DNA. However, N!-labeled thymidine was util- 
ied to form thymine, but not labeled cytosine. It was concluded from 
these experiments that the conversion of deoxycytidine to thymidine was 
essentially irreversible. The results recorded in this paper indicate a simi- 
lar finality about thymine formation. The pyrimidine can be used to form 
various polymers containing thymine, but the methyl group does not appear 
to be transformed readily, if at all, to a hydroxymethyl group.! In addi- 
tion, Cohen has also reported the inability of 5-hydroxymethyl] derivatives 
of cytosine or uracil to meet the uracil, cytosine, or thymine requirements 
of various pyrimidine-requiring mutants of EZ. coli, indicating that the hy- 
droxymethyl group may not be removed or further transformed to a methyl 
group in these systems (3). 

Although the pyrimidine ring of cytosine of host DNA appears to be 
available for hydroxymethylation during T6r+ multiplication, the precise 
hature of the compound which is hydroxymethylated is not evident. It 
appears to be at the nucleoside level (5, 19), a view consistent with the 
greater reactivity of deoxycytidine as compared to free cytosine in growing 
and virus-infected FE. coli (3). Furthermore, free HMC appears to be 


‘Results of M. Banks, reported by Kozloff (18), have also shown that thymine 
may not be converted to cytosine in E. coli nor to HMC in Tér*. 
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completely inert in those systems, whereas the deoxyriboside of HMC js 


slowly metabolized by enzymes of EF’. coli. Nevertheless, the very ease with 
which deoxycytidine is deaminated by E. colz suggests that the deaminated 
product, deoxyuridine, rather than deoxycytidine itself may be the com. 
pound which is hydroxymethylated. The deoxyriboside of hydroxymethy| 
uracil may then be aminated to form the deoxyriboside of HMC. At the 
present time, the isotope evidence does not distinguish between these 
alternative possibilities. 


SUMMARY 


Orotic acid-2-C™ supplied to Escherichia coli during growth was incor- 
porated into the cytosine and thymine of bacterial DNA. When cells 
whose pyrimidines were labeled in this manner were infected by T6rt* virus, 
the virus produced in the absence of labeled orotic acid in the medium con- 
tained labeled thymine and labeled hydroxymethylcytosine. 

When E. coli was grown in the presence of serine-3-C™, thymine had 9 
times the isotope content of the cytosine of bacterial DNA. Virus pro- 
duced in such selectively labeled cells in the absence of isotopic serine in 
the medium contained HMC of much lower activity than that of thymine, 
indicating that host cytosine, and not thymine, was the major host pre- 
cursor of virus HMC. Virus produced in the selectively labeled cells in 
the presence of isotopic serine contained HMC of high activity. This 
result indicates that the hydroxymethyl] group of hydroxymethylcytosine 
may be derived from a common source of 1-carbon fragments, namely the 
B-carbon of serine. 
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URINARY EXCRETION OF TEN AMINO ACIDS BY 
WOMEN DURING THE REPRODUCTIVE CYCLE 


By SOL MILLER, VERA RUTTINGER, ano ICIE G. MACY 


(From the Research Laboratory, Children’s Fund of Michigan, Detroit, 
Michigan) 


(Received for publication, February 26, 1954) 


To expand previous studies on the metabolism of women during the 
reproductive cycle, the urinary excretion of amino acids was investigated. 
Several workers (1-9) have reported urinary amino acid data for normal 
men and women as influenced by special diets, and little correlation was 
shown between qualitative or quantitative ingestion of protein and amino 
acid excretion. Sheft and Oldham (10) and Wallraff e¢ al. (11), from their 
work on amino acid excretions during pregnancy, reported both total and 
free amino acid values and Wallraff et al. showed that the free amino acids, 
rather than the total, are excreted in significantly higher amounts during 
pregnancy. Little, if any, work has been reported concerning the effect 
of the physiological state of lactation upon the urinary excretion of amino 
acids. This paper presents data for the excretion of free amino acids 
during the reproductive cycle which demonstrate the progressive metabolic 
response that accompanies transitions from the non-pregnant state through 
pregnancy, and during lactation. 


EXPERIMENTAL 


Fifteen apparently healthy women, 20 to 36 years old, weighing 100 to 
160 pounds, furnished forty-four 24 hour urine samples. Of the fifteen, 
thirteen were white and two were Negro. Fourteen samples were collected 
during non-pregnancy, twenty-five during the 2nd to the 9th months of 
pregnancy, and five during lactation, 34 to 221 days post partum. Four 
women supplied at least one sample while non-pregnant, pregnant, and 
lactating. 

The samples were preserved with a small amount of glacial acetic acid 
and stored at —20° pending analysis. After thawing and thorough mixing, 
the samples were analyzed by microbiological procedures for the free, in- 
dispensable amino acids (12). Lactobacillus plantarum was the organism 
used for leucine, isoleucine, and valine, Leuconostoc mesenteroides for histi- 
dine, lysine, methionine, and phenylalanine, and Streptococcus faecalis for 
arginine, threonine, and tryptophan. ‘The total assay volume was 3 ml. 
and growth response was measured turbidimetrically. All amino acid 
values reported are averages of two or more assays in which the determina- 
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tions were run in duplicate at five assay levels. Total nitrogen was run by 
the standard micro-Kjeldahl procedures. 


Results 


Table I gives the minimal, maximal, and median values for each of the 
free amino acids, and total nitrogen, in the 24 hour urine samples from 
non-pregnant, pregnant, and lactating women. For the ten amino acids, 
median values for the pregnant group were higher than those for the non- 


TABLE [ 


Urinary Excretion Per 24 Hours of Amino Acids by Non-Pregnant, Pregnant, 
and Lactating Women* 


Non-pregnant Pregnant Lactating 

Maximal! Median | Minimal} Maximal} Median Maximal | Median 

mg me mg mg. mg mg mg mg 
Threonine....... 8.8 | 28.2; 18.2] 25.3 | 218 88.1 | 8.6; 14.5 10.3 
Histidine....... 44 190 111 268 746 402 39 151 69 
Tryptophan..... 6.9} 25.6] 13.5) 18.3! 54.3! 39.6) 4.1]! 12.8) 6.6 
12.5 | 206 23.4 15.6 | 249 46.5 | 8.1] 27.51! 11.8 
Phenylalanine...| 5.2; 17.6; 10.4) 10.4; 23.1); 16.3) 4.4 7.3 7.0 
Methionine..... 1.1 3.1 1.8 0.6 4.5 2.5 0.9 2.0; 1.1 
Valine.......... 3.7 8.6 6.4 5.8 | 18.2 8.4 3.4 6.4) 4.5 
Leucine..... 9.6 §.2| 27.8| 12.4] 3.5] 11.2] 
Isoleucine....... 2.4 8.4 5.2 3.8 | 16.5 6.5 | 2.2 2.8 
Arginine........ 4.2 9.0 7.0 2.8 | 10.9 7.4) 3.7 6.4) 4.5 

gm gm gm gm. gm gm gm gm. gm. 
Nitrogen........ 5.2| 13.1] 8.3] 4.2] 17.4| 9.3] 4.1] 10.5) 6.4 


* Fourteen samples from non-pregnant women, twenty-five from pregnant 
- women, and five from lactating women. 


pregnant women. Pregnancy stimulated an increased output of amino 
acids, but the degree of stimulation varied for each particular amino acid. 
For example, threonine showed the greatest change, over 350 per cent, 
whereas arginine showed only a 6 per cent increase. The median values 
for total nitrogen did not vary as much as those for some of the amino 
acids, but the distribution of nitrogen must have shifted considerably to 
account for the increased amino acid excretions. An examination of ranges 
of excretion showed that there was an overlapping of amino acid values 
between the non-pregnant and pregnant states for all except histidine and 
possibly threonine which showed higher ranges during pregnancy. 

While the level of free amino acid excretion increased from the non- 
pregnant to the pregnant state, the reverse was true between pregnancy 
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and lactation. Each of the ten amino acids was excreted in much smaller 
quantity during lactation than during gestation, and in an even smaller 
quantity than during non-pregnant periods. ‘The median values for amino 
acid excretion during lactation in relation to non-pregnancy varied from 
49 per cent for tryptophan to 69 per cent for valine. Again, there was an 
overlapping of ranges, with all of the maximal lactating values higher than 
the minimal hon-pregnant values, and in a few cases higher than the mini- 
mal pregnant values. ‘The amino acids which showed the greatest change 
in quantities excreted during the reproductive cycle were threonine, histi- 
dine, tryptophan, and lysine. 
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Fig. 1. Patterns of amino acid excretion during the reproductive cycle. N = 
non-pregnant; 2 to 9 months of gestation; Z = lactation period, 34 to 221 days post 
partum. All values are medians expressed in mg. per day. 


The range and median excretions of amino acids during pregnancy, which 
are presented in Table I, were obtained from the data as a whole, irrespec- 
tive of time of gestation. To determine whether fluctuations occurred 
during gestation, medians of values obtained for each month in pregnancy 
were calculated. The values for the four amino acids which best illustrate 
the pattern of change in amino acid excretion during the reproductive cycle 
are plotted in Figs. 1 and 2. 

In comparison with excretion by non-pregnant women, there was a large 
excretion of lysine during the 2nd and 3rd months of pregnancy (Fig. 1). 
The pregnant women continued to excrete larger quantities of lysine 
throughout gestation, but the level of excretion fluctuated between 34 
and 192 mg. per day. Decreased excretions of lysine occurred during the 
4th and 8th months and increased excretions during the 5th and 9th 
months of gestation. Similar trends are shown by the curves for the ex- 
cretion of histidine, arginine, and methionine, but with variation in the in- 
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tensity of change. The median lysine value for the 2nd month of gesta- 
tion was 7 times the median non-pregnant figure; that for histidine was 
5-fold and the value for arginine was only one-half greater than that for 
non-pregnant women. 

The changes in threonine excretion during gestation (Fig. 1) were differ. 
ent from those for the other amino acids in that, after an initial rise in the 
2nd month, the threonine excreted continued to rise, with rather large in- 
creases occurring during the 5th and 8th months. The median threonine 
excretion during the 8th month of pregnancy was 11 times that for non- 
pregnant women. 
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Fic. 2. Patterns of amino acid excretion during the reproductive cycle. N = 
non-pregnant; 2 to 9 months of gestation; L = lactation period, 34 to 221 days post 
partum. All values are medians expressed in mg. per day. 


Throughout the reproductive cycle, the excretion patterns for isoleucine, 
leucine, and valine were similar (Fig. 2). The median excretions of these 
_ amino acids in the 2nd month of gestation were 2 to 3 times those by non- 
gravid women. Following the initial rise, decreased excretion occurred 
during the 3rd or 4th month with subsequent increases from the 7th to 
the 9th months of gestation. Despite the fluctuations, median values for 
any period of pregnancy were higher than those for non-pregnancy. The 
pattern of change indicated by the tryptophan curve was repeated by the 
values for phenylalanine (Fig. 2). Again, the initia] rise in excretion by 
the 2nd month of gestation, with median values about double the median 
for the non-pregnant women, was followed by a decrease in the 4th month, 
an increase in the 5th month, and a decrease in the 9th month. The over- 
all increase for phenylalanine was approximately 2-fold and for tryptophan, 
3-fold. The lowest median values during gestation were higher than those 
at any other time in the reproductive cycle. 

The fluctuations in the excretion of amino acids as gestation progresses 
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are valid for the women studied, but the data for a small number of patients 
may not represent the average excretion pattern of women during gesta- 
tion. However, it should be pointed out that of eight pregnant women 
jour supplied consecutive monthly samples for a period of 3 to 8 months. 
In the interpretation of physiological data on human beings, it has been 
demonstrated that consecutive or longitudinal observations carefully ex- 
ecuted on a few subjects have equal validity with cross-sectional or one 
observation on many individuals (13, 14). 

Median values for the Ist month of lactation showed the greatest changes 
in quantities of amino acids excreted of any interval in the entire reproduc- 
tive evyele. For example, during lactation the median excretion of thre- 
onine was only 7 per cent, lysine 9 per cent, histidine 12 per cent, and 
tryptophan 21 per cent of the amount excreted during the 9th month of 
gestation. Excretion of the other amino acids also was lowered during 
lactation, the smallest decrease being 50 per cent for arginine. 


DISCUSSION 


The tremendous physiological forces set in motion by conception are 
manifested by several biochemical changes closely allied to amino acid 
excretion. ‘The rise in maternal metabolism, an increase in active placental 
and embryonic protoplasmic mass, and increased hormonal activity are 
but a few. These changes early in pregnancy are accompanied by in- 
creased amino acid excretions, especially of threonine, histidine, lysine, 
and tryptophan. The amino acid pattern of decreased excretion resembles 
the energy pattern (15) of decrease in requirements during the 3rd and 4th 
months of pregnancy. Villee (16) showed that the metabolic activity of 
the placenta begins to decrease as early as the 10th or 12th week of gesta- 
tion. Likewise, decrease in amino acid excretions may be associated with 
the approaching maximal rate of growth and functional activity of the 
placenta, completion of the organogenesis of the fetus, and the increased 
demand for amino acids by the glands of internal secretion. The fetal 
kidneys acquire excretory function about the 3rd month (17), and there- 
after amino acid excretion increases generally, with maternal basal meta- 
bolic rate also increasing in the last two trimesters (15). 

The change in the excretion level of free amino acids which occurs from 
pregnancy to lactation is greater than the change from non-pregnancy to 
pregnancy. All ten of the amino acids studied showed marked decreases 
in excretion, ranging from 50 to 70 per cent. of the non-pregnant values. 
This decrease is part of the body’s conservation effort and may be regulated 
by the loss of amino acids during parturition, the involution of the uterus, 
and the increased demand of the mammary glands for amino acids to syn- 
thesize protein for the production of milk. The quantities of amino acids 
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secreted in milk exceed by far the decrease in urinary excretion. The lower 
level of amino acid excretion early in lactation appears to continue through. 
out lactation, since a second sample obtained from the same woman § 
months after the first, still showed a similar level of excretion. However. 
threonine, histidine, lysine, and tryptophan are excreted at somewhat 
higher levels during later lactation and appear to approach the non-preg. 
nant levels. Also, these four amino acids are those that showed the great- 
est. percentage changes from non-pregnancy to pregnancy. 


SUMMARY 


24 hour urine samples from non-pregnant, pregnant, and _ lactating 
women were analyzed for the “free” amino acids: leucine, isoleucine, valine, 
histidine, lysine, methionine, phenylalanine, arginine, threonine, and tryp- 
tophan. The median value for each amino acid increased from the non- 
pregnant to the pregnant state, threonine as much as 350 per cent and 
arginine only 6 per cent. Increased excretion occurred by the 2nd month 
of gestation. 

The quantities of amino acids excreted fluctuated throughout the gesta- 
tion period, but the median value for each amino acid was always higher 
than that during non-pregnancy. 

The median excretion for each amino acid decreased from pregnancy to 
lactation. During lactation, the threonine median was only 7 per cent, 
lvsine 9 per cent, histidine 12 per cent, and tryptophan 21 per cent of the 
median during the 9th month of gestation. Each of the amino acids was 
excreted in smaller amounts than during non-pregnancy, ranging from 50 
to 70 per cent. 

Threonine, histidine, lysine, and tryptophan showed the greatest changes 
during transitions from one phase of the reproductive cycle to another. 
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ESTROGEN METABOLISM IN HUMAN PREGNANCY; A STUDY 
WITH THE AID OF DEUTERIUM* 


By W. H. PEARLMAN, M. R. J. PEARLMAN, anp A. E. RAKOFF 


(From the Department of Biochemistry and the Department of Obstetrics and Gynecology, 
Jefferson Medical College, Philadelphia, Pennsylvania) 


(Received for publication, November 30, 1953) 


This study was undertaken in order to obtain more information regard- 
ing estrogen metabolism during human pregnancy, particularly with re- 
spect to the influence of progesterone on the course of estrone metabolism ; 
normally, large amounts of both progesterone and estrogen are elaborated 
during pregnancy.! Smith and Smith (3) have for many years advanced 
the theory that progesterone has a “sparing” effect on estrogen metabo- 
lism; 7.e., it retards the metabolic breakdown of the estrogens and favors 
an increased conversion of estrone (and estradiol) to estriol. Support for 
this view has been furnished by Pincus e¢ al. in experiments with rabbits 
(4) and humans (5). Segaloff (6) interpreted his experimental observa- 
tions in rats as indicative of a “sparing” effect of progesterone on the 
hepatic inactivation of estradiol. On the other hand, Heard e¢ al. (7) did 
not observe any influence of progesterone on estrogen metabolism follow- 
ing simultaneous administration of both hormones to rabbits. Heller and 
Heller (8) showed that livers from pregnant animals inactivate estrogens 
in vitro to the same extent as do livers from non-pregnant animals. Re- 
cently, Stimmel and Stealey (9) reported that progesterone does not in- 
fluence estrone metabolism during the menstrual cycle. The current study 
on human pregnancy clearly does not support the theories of Smith and 
Smith, the clinical implications of which have been touched upon in a pre- 
liminary report (10) of our findings. : 

Serious deterrents to setting up experiments of the conventional type, 
ie. without using isotopes, for the study of estrogen metabolism during 
pregnancy arise from the following considerations: (a) the level of urinary 
estrogen excretion varies markedly from day to day (11) and thus in turn 
the control or base-line values, although the trend is one of progressive 
increase as pregnancy advances, and (b) the level of urinary estrogen in 


* This investigation was supported by research grants (Nos. RG-2796, RG-2796C, 
RG-2796C2) from the National Institutes of Health, United States Public Health 
Service. 

‘It is of relevant interest that Woolley has recently (1) suggested that proges- 
terone and estrogens may be naturally occurring antimetabolites in view of their 
close structural similarities and antagonistic biological actions (for an expression 
of similar views, see Hertz and Tullner (2)). 
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advanced pregnancy is relatively very high, necessitating the administra. 
tion of enormous amounts of estrogen (if significant differences in estrogen 
excretion are to be observed), a practice which might disturb the norma] 
course of estrogen metabolism. These difficulties were obviated by em. 
ploying isotopically labeled estrogen; furthermore, this technique provided 
additional information of a type inherent in the application of isotopes to 
biochemical experiment. The isotope preferred was deuterium rather than 
a radioactive element because the latter might be injurious to the mother 
and especially to the fetus. Pregnant animals might have been substituted 
were it not that estrogen metabolism in the human species is characteristic 
in at least one major respect: estriol has thus far been isolated from human 
urine only; furthermore, it is the major estrogen excreted during preg. 
nancy. A description now follows of the experiments in which 6,7-d- 
estrone acetate was injected into three normal, pregnant women. 


Methods 


Materials—6 ,7-d2-Estrone acetate was prepared according to the pro- 
cedure of Pearlman and Pearlman (12) by deuteration of 6-dehydroes- 
trone.2. The preparation employed in this study contained 6.6 atom per 
cent excess deuterium or 1.58 atom excess deuterium, theory 2.00. Hence, 
the free compound is calculated to contain 7.2 atom per cent excess deu- 
terium. The acetate was dissolved in sesame oil, sterilized with heat, and 
injected intramuscularly in equally divided doses into normal pregnant 
women as indicated in Table I. 

Extraction and Fractionation Procedures—Urine was collected just prior 
to the administration of estrogen (control period) and subsequently. The 
urine was immediately worked up, but in some cases the specimens were 
stored in the refrigerator for 1 day. The hydrolysis and extraction pro- 
cedures of Stevenson and Marrian (13) were followed with the exception 
that the urine was not diluted to a standard volume prior to hydrolysis. 
Their procedure was followed in its essential details for the separation of 
the extracts into neutral, acidic, and phenolic fractions. In Experiment 3 
(Table I), however, the urine was extracted with liberal amounts of ether 
prior to hydrolysis in order to obtain the “free’”’ estrogen fraction. 

The phenolic material was partitioned into strongly acidic (‘‘estriol” 
fraction) and weakly acidic phenols by the method of Friedgood et al. (14) 
with benzene and disodium hydrogen phosphate. The material obtained 
from the benzene phase was treated with Girard’s Reagent T (15); the 
non-ketonic fraction thus derived was similarly treated, furnishing a small 
additional amount of ketones; both ketonic materials were combined and 
labeled “estrone” fraction. The non-ketonic weakly acidic phenols were 


2 Kindly furnished by Syntex, S. A. 
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next subjected to benzene-phosphate partitioning (14) to furnish the “es- 
tradiol” fraction. 

Urinary Estrogen Determination——This was performed on spayed adult 
mice by use of a vaginal smear technique based on that described by Allen 
and Doisy (16). The following values were obtained in this study when 
1 y of crystalline estrone, estradiol-178, and estriol was injected subcu- 
taneously: 17, 33, and 0.45 mouse units respectively. In the final deter- 
mination of the urinary estrogens, a group of twenty mice was used, of 
which approximately 50 per cent gave positive smears; the estimation of 
the urinary estrogens by this procedure is accurate to +20 per cent. 

Each estrogen fraction was obtained for the entire period of collection 
and was assayed for estrogenic activity before preparation of the fraction 
for deuterium analysis. 

Preparation of Urinary Estrogens for Deuterium Analysis—Estriol was 
isolated as follows: The estriol fraction was partitioned between equal vol- 
umes of benzene and 70 per cent ethanol (K = 0.15, calculated from the 
data of Pincus and Pearlman (17)). The residue from the latter phase 
was extracted repeatedly with small volumes (about 5 ml. in all) of hot 
0.2 m NasHPO,. The insoluble portion was suspended in water, acidified, 
and extracted with ether. The ether residue was repeatedly crystallized 
from ethanol-ethyl acetate. To the crystalline urinary estriol was added 
normal estrone (to wash out possible contamination with isotopic estrone), 
and the mixture was subjected to benzene-phosphate partitioning as in the 
initial fractionation procedure. From the latter phase, estriol was ob- 
tained after repeated crystallization from ethanol-ethyl acetate; the speci- 
men’ (or an aliquot portion thereof) was then diluted with normal estriol 
and analyzed for deuterium. 

Neither estrone nor estradiol could be isolated as such from the respec- 
tive urinary fractions because of their very low content. Resort was had 
to an isotope dilution technique. A given amount of normal estrone 
(about 20 to 25 mg.) was added to an appropriate aliquot portion of the 
estrone fraction. Isolation of crystalline estrone was easily achieved with 
the aid of ethanol; the specimen’ was then analyzed for deuterium. 

In similar fashion, the estradiol fraction was diluted with normal es- 
tradiol-178; the digitonide was prepared and submitted for deuterium anal- 
ysis. A typical example of the isolation procedure employed follows. To 
an aliquot portion (14.0 mg. of solids, 0.32 mg. of estradiol-176 as deter- 
mined by bioassay) of the estradiol fraction were added 5.9 mg. of normal 
estradiol-178. The mixture was dissolved in 0.5 ml. of anhydrous ether 


*The melting points of this specimen and that of the reference specimen were 
simultaneously determined in each case with a Fisher-Johns apparatus at this stage 
of preparation for deuterium analysis; the melting points agreed within 2° for estriol 
and were almost identical for estrone. 
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and adsorbed on 400 mg. of alumina‘ in a narrow column previously wetted 
with the same solvent. Elution was effected with 20 ml. volumes each of 
(a) anhydrous ether, (b) 5 per cent methanol-anhydrous ether, and (6) 
absolute methanol. Eluate (a) weighed 6.8 mg. and was only slightly 
colored; 30 mg. of digitonin were added and solution effected with 0.9 ml, 
of hot methanol. On slow addition of 0.6 ml. of hot water with stirring, 
a precipitate formed almost immediately. It was permitted to stand at 
room temperature overnight, chilled in the refrigerator for 2 hours, filtered 
with suction, and washed twice with 0.2 ml. of 60 per cent methanol; yield, 
27 mg. of estradiol digitonide. It was recrystallized from 1.5 ml. of hot 
60 per cent methanol, a small amount (2 mg.) of insoluble material having 
been removed by centrifugation while the solution was still hot. The solu- 
tion was permitted to cool to room temperature; after 2 hours, the digi- 
tonide was filtered and washed twice with 0.1 ml]. of 60 per cent methanol. 
Recrystallization was carried out once more, finally yielding 14.8 mg. of 
digitonide. (Eluate (b) furnished only 6.5 mg. of digitonide initially and 
was not used; eluate (c) consisted of 2.6 mg. of a red oil and was not treated 
with digitonin.) The sample after drying for 8 hours at 110° weighed 138 
mg. and was analyzed for its estradiol content by ultraviolet spectroscopy 
as follows: 1.686 mg. of this material were dissolved in 5 ml. of absolute 
methanol; the ultraviolet absorption spectrum was typical of that of es- 
tradiol (see Friedgood et al. (14)). (A methanol solution of digitonin shows 
no absorption in this region.) Since the observed density at 280 muy was 
0.466, the estradiol content was calculated to be 0.3035 mg.; the ratio by 
weight of estradiol to estradiol digitonide was therefore 0.179 (theory, 
0.177 if the complex contains 1 mole of each constituent). That the latter 
assumption is valid is indicated by the following analytical data obtained 
on the digitonide prepared from crystalline estradiol-178 in model experi- 
ments; the digitonide was repeatedly crystallized from 60 per cent methanol 
- and the sample dried for 8 hours at 110° in a high vacuum prior to analysis. 


1 mole CisH24Or. 1 mole C59H 92029. Calculated. C 60.1, H 7.6 
2 moles 1 Cs59H 92029. 63.0, 7.8 
Found. 59.9, 7.6 


Ultraviolet analysis indicated a ratio by weight of estradiol to estradiol 
digitonide of 0.187 (theory, 0.177). Hence, the ratio of estradiol digitonide 
H to estradiol H may be calculated to be 4.83. The value obtained in the 
deuterium analysis of the digitonide is multiplied by this factor and also 
by the dilution factor (resulting from the initial addition of normal es- 


4 The alumina employed is described as Harshaw, plain activated. Prior to use, 
it was suspended in glacial acetic acid, filtered, washed with copious amounts of 
distilled water, dried at 150° for several hours, and finally placed in a tightly sealed 
container. 
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tradiol) in order to obtain the deuterium concentration of the urmary es- 
tradiol. 

If the digitonide is extracted with dry ether, considerable and variable 
amounts of estradiol will be removed, as was ascertained by ultraviolet 
analysis of the extract and of the remaining digitonide. Hence, it is es- 
sential to avoid this treatment. On the other hand, recrystallization of 
the pure digitonide from aqueous methanol does not modify its composi- 
tion; this treatment may therefore be employed to achieve purification of 
crude estradiol digitonide. 

Deuterium Analysis—The authors are greatly indebted to Dr. H. 8. Anker 
who kindly performed the analyses with the aid of a mass ratio spectrom- 
eter at the University of Chicago. At least 12 mg. of material were sub- 
mitted, containing not more than 0.3 atom per cent excess deuterium, suf- 
ficient to give a duplicate analysis. In a few instances, the sample was 
prepared anew as a check on our preparative methods, particularly in the 
ease of estradiol digitonide, and with good results. 

The results are summarized in Table I. 


DISCUSSION 


According to our data, there is no marked difference in the pattern of 
estrone metabolism in women 6 months pregnant and in men. (That 
there are likewise no remarkable differences in estrogen metabolism in men 
and non-pregnant women had been previously observed by Pincus and 
Pearlman (17).) Thus, the percentage of administered estrone recovered 
in the urine during pregnancy (Experiments 1 and 2, Table I) was 1.8, 5.4 
(as estrone); 3.6, 3.3 (as estriol); 0.3, 0.7 (as estradiol); 5.6, 9.3 (total es- 
trogens) ;> and in men® 2.6 (as estrone); 3.7, 2.7 (as estriol, two experi- 
ments); 0.5 (as estradiol); 6.8 (total estrogens; the second experiment was 
incomplete). The corresponding values obtained during the last 3 days of 
pregnancy (Table I, Experiment 3) are about the same for estrone (3.0 
per cent) and estradiol (0.7 per cent), but are somewhat higher for estriol 
(8.9 per cent) and for total estrogens (12.7 per cent) ;> whether the latter 
values are significantly higher remains to be established by further experi- 
ment. These findings are contrary to expectations based on the concepts 
of Smith and Smith (3), for then one should have obtained a much higher 


‘The foregoing data refer actually to the amount of deuterium recovered in the 
various urinary estrogens. It is, of course, possible that additional deuterium may 
be found in the estrogen fractions, but in metabolites other than those mentioned; 
regarding this there is no information available at present. 

‘Dr. Gregory Pincus has kindly permitted the use of the following data which 
were obtained in 1943 by Pearlman and Pincus (22). The experiments paralleled in 


design those described in the present study except that normal estrone was ad- 
ministered. 
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recovery of the respective estrogens during pregnancy in view of the relg. 
tively prodigious production of progesterone. 

It may well be that certain features of estrogen metabolism are greatly 
modified during the critical period preceding the termination of pregnancy; 
thus, for example, Smith, Smith, and Pincus (23) observed a lowered uri- 
nary estriol-estrone ratio at labor and delivery. The appearance of a high 
percentage of free estrogen in the urine at the very end of pregnancy was 
at one time believed to be significantly associated with the onset of labor 
(24), but this point has since been reinvestigated and found to be due to 
hydrolysis of estriol glucuronide by a glucuronidase present in contaminat- 
ing liquor amnii and blood clots.’?’ Our own data (Table I) clearly indicate 
that there is normally very little “free” estrogen in the urine during this 
period. 

In 1942, Doisy et al. (26) reasoned that if the velocity of the catabolic 
reaction proceeds at the same rate during pregnancy as in non-pregnancy 
approximately 150 to 600 mg. of estrogen must be produced during each 
24 hour period. But in the opinion of these investigators, it seemed im- 
probable that the organism could produce such large quantities; it appeared 
more likely that degradation is limited in the pregnant state, owing pos- 
sibly to the influence of progesterone, as Smith, Smith, and Pincus (23) 
had postulated. The following year, Schiller and Pincus (27) reported 
that, whereas estrone and estradiol are largely destroyed in vivo, the re- 
covery of estriol in the urine following its administration to men is quite 
high (approximately 57 per cent), paralleling the large recoveries in experi- 
ments with women undertaken by Smith et al. (28). Inasmuch as our 
data indicate that the rate of estrone destruction is not appreciably altered 
during pregnancy, it seems likely that this may also be the case with es- 
tradiol and estriol. Accordingly, one may regard 150 mg. of total estrogen 
(the lower figure mentioned above) as a fair approximation of the daily 
- endogenous production during the 6th month of pregnancy. 

In view of the demonstration by conventional methods of the conversion 
in vivo of estrone into estradiol and estriol (29), it was not surprising to 
obtain confirmation with the aid of deuterium. It was unanticipated, 
however, that the recovery of estrone as urinary estriol should be so limited 
during advanced pregnancy. (It is conceivable that a placental barrier to 
exogenous estrogen exists and that intramuscular injection of isotopic es- 
trogen does not simulate physiological conditions.) In this connection it 
is interesting that Ryan and Engel (30) were able to demonstrate with the 
aid of surviving human tissue slices (testis, placenta, kidney, endometrium, 
adrenal) a conversion of estrone to estradiol, but they could not detect 
any formation of estriol. 


7 Unpublished observations by Marrian and Clayton cited by Sommerville (25). 
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The fate of the major portion of the isotopic estrone administered still 
remains to be determined. The crude acidic fractions of the urine con- 
tained some deuterium and thus require further investigation. The neu- 
tral fractions were examined only with respect to pregnanediol, which was 
found to contain no excess deuterium. Inasmuch as very little estrogenic 
material is normally excreted during human pregnancy in the bile (31) 
or in human feces after estrogen administration (32), these were not col- 
lected, although it is quite possible that biologically inactive degradation 
products may have been eliminated by these routes. 


SUMMARY 


Following the administration of 6,7-d2-estrone acetate to pregnant 
women, the amount of estrone, estriol, and estradiol excreted in the urine 
was determined and also the deuterium content of the respective estrogens. 

From these data, it was calculated that the amount of administered 
estrogen recovered in the urine as estrone, estriol, and estradiol was very 
low (total estrogens, 5.6, 9.3, 12.7 per cent in three experiments), being 
of the same order of magnitude previously found to occur in men. 

These findings are contrary to expectations based on a current theory 
that progesterone influences the course of estrone metabolism during human 


pregnancy. 


The authors wish to thank Ciba Pharmaceutical Products, Inc., and the 
Schering Corporation for samples of normal estrone, estradiol-178, and 
estriol. Mr. James Rigas performed the C and H analyses. 


BIBLIOGRAPHY 


1. Woolley, D. W., A study of antimetabolites, New York, 133 (1952). 

2. Hertz, R., and Tullner, W. W., Ann. New York Acad. Sc., 52, 1260 (1950). 

3. Smith, G. V. S., and Smith, O. W., Physiol. Rev., 28, 1 (1948). 

4. Pincus, G., and Zahl, A., J. Gen. Physiol., 20, 879 (1937). 

5. Pincus, G., and Graubard, M., Endocrinology, 26, 427 (1940). 

6. Segaloff, A., Endocrinology, 40, 44 (1947). 

7. Heard, R. D. H., Bauld, W. S., and Hoffman, M. M., J. Biol. Chem., 141, 709 
(1941). 

8. Heller, C. G., and Heller, E. J., Endocrinology, 32, 64 (1943). 

9. Stimmel, B. F., and Stealey, C. L., J. Clin. Endocrinol., 12, 489 (1952). 

10. Pearlman, W. H., Pearlman, M. R. J., and Rakoff, A. E., Am. J. Obst. and Gynec., 
66, 370 (1953). 

ll. Venning, E. H., The normal and pathological physiology of pregnancy, Balti- 
more, 59 (1948). 

12. Pearlman, W. H., and Pearlman, M. R. J., J. Am. Chem. Soc., 72, 5781 (1950). 

13. Stevenson, M. F., and Marrian, G. F., Biochem. J., 41, 507 (1947). 

14. Friedgood, H. B., Garst, J. B., and Haagen-Smit, A. J., J. Biol. Chem., 174, 523 
(1948). 


rela- 
reatly 
lancy; 
d uri- 
high 

was 

labor 
lue to 

inat- 
dicate 
y this 
abolic 

ancy 

each 
d im- 
pared 
Pos- 
3 (23) 
orted 
e re- 
quite 
xperi- 
S our 
tered 
h es- 
rogen 
daily 
Tsion 

g to 
ated, 

ited 
ler to 
C es- 
on it 
h the 

jum, 
etect 

(25). 


812 ; ESTROGEN METABOLISM IN PREGNANCY 


| 


. Girard, A., and Sandulesco, G., Helv. chim. acta, 19, 1095 (1936). 

. Allen, E., and Doisy, E. A., J. Am. Med. Assn., 81, 819 (1923). 

. Pineus, G., and Pearlman, W. H., Endocrinology, 31, 507 (1942). 

. Emmens, C. W., Hormone assay, New York, 403 (1950). 

. Engel, L. L., Ciba Foundation colloquia on endocrinology, London, 2, 126 (1952). 
. Axelrod, L. R., J. Biol. Chem., 201, 59 (1953). 

. Engel, L. L., Slaunwhite, W. R., Jr., Carter, P., and Nathanson, I. T., J. Biol. 


Chem., 185, 255 (1950). 


. Pearlman, W. H., and Pincus, G., J. Biol. Chem., 147, 379 (1943). 

. Smith, G. V.8., Smith, O. W., and Pineus, G., Am. J. Physiol., 121, 98 (1938). 

. Cohen, 8. L., Marrian, G. F., and Watson, M., Lancet, 1, 674 (1935). 

. Sommerville, I. F., Toxemias of pregnancy, Philadelphia, 223 (1950). 

. Doisy, E. A., Thayer, 8S. A., and Van Bruggen, J. T., Federation Proc., 1, 202 


(1942). 


. Schiller, J., and Pincus, G., Arch. Biochem., 2, 317 (1943). 
. Smith, G. V.S8., Smith, O. W., and Schiller, S., Am. J. Obst. and Gynec., 44, 606 


(1942). 


. Pearlman, W. H., in Pincus, G., and Thimann, K. V., The hormones, New York, 


1, 351 (1948). 


. Ryan, K. J., and Engel, L. L., Endocrinology, 52, 287 (1953). 
. Pearlman, W. H., and Rakoff, A. k., Endocrinology, 44, 199 (1949). 
. Pineus, G., and Pearlman, W. H., in Harris, R.S., and Thimann, K. V., Vitamins 


and hormones, New York, 1, 294 (1943). 


(Fre 


15 
17 
1S 
19 
20 
21 
| 
22 
23 E 
24 
p-ni 
_ phe 
27 of I 
cent 
by 
31 
32 
lyzin 
TI 
NaH 
metr 
were 
dieth 
phor: 
ethy] 
Caro 
meth 
cedur 
purifi 
State 
M unl 
Pre 
oxon 
estera 
the hy 
ase ac 
XUM 


SOME STUDIES OF ENZYMATIC EFFECTS OF RABBIT SERUM 


By L. A. MOUNTER 


(From the Department of Biochemistry, School of Medicine, University of Virginia, 
Charlottesville, Virginia) 


(Received for publication, March 1, 1954) 


Enzymes present in rabbit serum hydrolyze diisopropy] fluorophosphate 
(DFP) to diisopropylphosphorie acid and hydrofluoric acid (1) and diethyl- 
p-nitrophenyl phosphate (paraoxon) to diethylphosphorie acid and p-nitro- 
phenol (2). Since the structural relationships and products of hydrolysis 
of DFP and paraoxon are similar, it appeared probable that a single en- 
zyme was involved. 

Two types of enzymes which hydrolyze aromatic esters have been re- 
cently described (2-6) and have been designated as the A- and B-esterases 
by Aldridge (2, 3). The A-esterase is characterized by its activity in the 
presence of DFP and its ability to hydrolyze paraoxon. In contrast the 
B-esterase is strongly inhibited by these organophosphorus compounds. 

The present work was undertaken to determine whether the DF P-hydro- 
lyzing enzyme and the A-esterase of rabbit serum are identical. 


Materials and Methods 


The enzymatic activity of rabbit serum, initially adjusted to pH 7.8 with 
NaHCO;, was determined with various substrates by the Warburg mano- 
metric techniques previously described (1, 7). The following substances 
were used as substrates: DFP (Merck); tetraethylpyrophosphate (TEPP), 
diethyl p-nitrophenyl] thionophosphate (parathion), octamethyl pyrophos- 
phoramide (OMPA), diethyl hydrogen phosphate, triethyl phosphate, tri- 
ethyl phosphite, and diethyl ethyl] phosphonate, donated by the Virginia- 
Carolina Chemical Company; p-nitrophenyl acetate, prepared by the 
method of Huggins and Lapides (8) and analyzed according to the pro- 
cedure of Aldridge (3); and diethyl p-nitrophenyl phosphate (paraoxon), 
purified from a sample of technical grade material supplied by the United 
States Department of Agriculture. The substrate concentrations were 10-? 
M unless otherwise stated. 

Preliminary incubation of rabbit serum with low concentration of para- 
oxon (10-* m) completely inhibits the activities of B-esterase and cholin- 
esterase without affecting the A-esterase (2, 4, 6). Under these conditions 
the hydrolysis of p-nitrophenyl acetate can be used as a measure of A-ester- 
ase activity. 
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Results 


Hydrolytic Activity—The absolute and relative rates of hydrolysis of 
DFP, TEPP, paraoxon, and p-nitropheny] acetate by rabbit sera are shown 
in Table I. Theremaining substrates (parathion, OMPA, diethyl hydrogen 
phosphate, triethyl phosphate, triethyl phosphite, and diethyl ethyl phos- 


TABLE I 
Relative Rates of Hydrolysis of Substrates by Rabbit Serum 
Activity is expressed in microliters of COz per ml. in 30 minutes. 


Activity 
Serum No. 
DFP TEPP Paraoxon p-Nitropheny] acetate 
1 1000 975 (95)* 2800 (280)* 6,500 (650)* 
2 1300 1320 (100) 
3 1020 900 (90) 5,600 (550) 
4 1720 4950 (290) 
5 2100 2400 (115) 5500 (260) 12,800 (610) 
Mean...... (100) (280) (600) 


*The figures in parentheses indicate the percentage activity relative to DFP. 


TABLE II 
Inactivation of Rabbit Serum Enzyme by Heating 
Per cent inactivation 
Temperature Time of heating Ons 
DFP TEPP Paraoxon | ?-itropheny 
min. 
55 10 17 14 17 
55 15 25 22 
60 4 81 80 80 
65 2 86 88 


phonate) were not affected by the rabbit serum. The results indicate that 
the ratios for the rates of hydrolysis of the four substrates were constant 
within the limits of experimental error and could be due either to a single 
non-specific enzyme or to specific enzymes. 

Effect of Heating (Table II)—Samples of sera were heated at different 
temperatures for varying periods in order to denature the proteins partially. 
The degree of inactivation of the enzymatic activity was the same for the 
four substrates with the respective heated sera. 

Effect of Inhibitors (Table III)—The degree of inhibition of the four sub- 
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strates was about the same for each of ten inhibitors. It was interesting 
that Mn** and Cot, which activate hog kidney DF Pase (7), inhibited the 
hydrolysis of DFP by rabbit serum. A comparison of the effects of metal 


TaBLeE III 
Effect of Inhibitors on Hydrolysis of Various Esters by Rabbit Serum 
Substrate 
Ni 
Inhibitor Concentration * DFP TEPP Paraoxon 
acetate 
Per cent inhibition 
M 

p-Chloromercuric nitrate......... 3X 10-* | 89, 92 91 95 90 
5 10-4 5 5 

§-Hydroxyquinoline.............| 2X 10-3 | 22 29 35 
26 25 

10-4 5 10 5 

10-5 20 20 25 
3 xX 1073 5 5 5 


* Concentration in side arm before tipping. 


TABLE IV 


Effect of Metal Ions on Hydrolysis of DFP by Hog Kidney (7) and Rabbit 
Serum DF Pase 


Effectt 
Metal Concentration*® 
Kidney Serum 
M 

Mn++ 10-3 +400 —14 
Cutt 5 X 10°% —100 —98 

2 5 X 10~¢ —97 —48, —50 
Cott 10-3 +200 —16 
Mg*t* 10-3 +8 —62 
Hgt* 10-5 — 100 —30, —20 


* Concentration in side arm before tipping. 
t Per cent activation (+) or inhibition (—). 


ions on the hog kidney DF Pase and on the rabbit sera is presented in Table 
IV. The striking inhibitory effect of Mg*t on the activity of the rabbit 
serum DF Pase is similar to that observed for the A-esterase by Aldridge (5). 


en 
JS- 
te 

| 

| 

| 

| 
at 
nt 
le | 
| 
y. 
e 

| 


816 ENZYMATIC EFFECTS OF RABBIT SERUM 


Mixed Substrates—Information concerning enzyme specificity may be hyd. 
obtained by studying reaction kinetics of a mixture of two substrates (7, 9), mate 
The rates of hydrolysis of such mixtures were found to be smaller than the hyd 
sum of the values for the individual substrates (Table V). These results 


TABLE V Pr 
Hydrolysis of Mixed Substrates by Rabbit Serum Enzyme strat 
Rate of hy droly sis, microliters of COs i in 10 minutes per ml. of este! 
Substrates and concentrations Rate of hydrolysis pape 
A) = A) 
(A) (B) (A) (B) shou 
| lated) Ei 
DFP (10-2 m) + paraoxon (10°? mM) 300 730 770 | 1030 becl 
(3.1 560 890 790 | 1450 hog 
(1.4 **) + (6.2 **)* «150570 710 not | 
TEPP (10°? mM) (3 107% m) 870 1360, 1350 2230 rabb 
+ p- acetate 2m) | 360 2080) 1700 2440 mark 
* Data of Aldridge (2). Aldr 
relat 
TaBLeE VI and 
Activities* of Electrophoresis Fractions 

Fraction No. DFP (10 m™) TEPP (10 mm) Paraoxon (5 mM) p p-Nitropheny acetate Sti 
28 30 (110) 30 (110) 60 (220) fuor 

2 73 8O (110) 116 (160) 160 (220) 
3 113 | 100) (90) | 144 (130) |” 180 (160) phat 

100 | 153 (150) 280 (280) 
5 | 122 | 120 (100) | — 193 (160) | 250 (210) Is 

Mean.... | | (100) | (140) | (220) 
* Microliters of CO, in 30 minutes per 0.1 ml. of enzyme fraction. ” 


The figures in parentheses indicate the percentage activity relative to DFP. 


suggest that each substrate is competing for the same active centers of a 
single enzyme. Dr. W. N. Aldridge has kindly made available additional 
confirmatory data (2). 

Activity of Electrophoresis Fractions—After electrophoresis in a ‘Tiselius 
apparatus in phosphate buffer (I'/2 0.1, pH 7.4) the rabbit serum was frac- 
tionated into five portions by siphoning through a capillary. The enzy- 
matic activity for each fraction was determined with DFP, TEPP, par- 
aoxon, and p-nitropheny] acetate (Table VI). The ratio of the rates of 
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hydrolysis of the four substrates by the different fractions is approxi- 
mately the same. ‘These observations suggest that the substrates are all 
hydrolyzed by the same enzyme. 


DISCUSSION 


Previous investigations with rabbit serum, limited to one or two sub- 
strates, have shown that DFP (1), paraoxon (4) and p-substituted aromatic 
esters (2, 3) are hydrolyzed. Sufficient evidence has been presented in this 
paper to indicate that one enzyme in rabbit serum can hydrolyze DFP, 
TEPP, paraoxon, and p-nitrophenyl acetate. It appears that this enzyme 
should be classified as an A-esterase. 

Enzymes which hydrolyze DFP (1, 7) and TEPP (10) may not always 
beclassified as A-esterases. This is particularly well illustrated by an active 
hog kidney enzyme preparation capable of hydrolyzing DFP (7, 11) but 
not paraoxon. It has been shown in the present investigation that the 
rabbit serum enzyme is inhibited by Mn** and Co*, in contrast to the 
marked activating effect of these ions with the hog kidney enzyme (7, 11). 
Aldridge has also concluded that the enzymes which hydrolyze DFP and 
related substrates may differ considerably in their distribution, kinetics, 
and substrate specificity (2). 


SUMMARY 


Studies with rabbit serum indicate that a single enzyme, which may be 
classified as an A-esterase, is responsible for the hydrolysis of diisopropyl 
fuorophosphate, tetraethyl pyrophosphate, diethyl p-nitrophenyl phos- 
phate (paraoxon), and p-nitropheny] acetate. 


I should like to express my thanks to Mr. Edward R. Berry for the elec- 
trophoretic fractionation. 
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PURIFICATION OF CYTOCHROME c OXIDASE* 


By LUCILE SMITHf anon ELMER STOTZ 


(From the Department of Biochemistry, The University of Rochester School 
of Medicine and Dentistry, Rochester, New York) 


(Received for publication, March 1, 1954) 


The enzyme cytochrome c oxidase exists in nature as part of the assembly 
of oxidative enzymes attached to insoluble cytoplasmic particles. A very 
active cytochrome c oxidase is present in the type of phosphate extract of 
heart muscle described by Keilin and Hartree (1), and a study of the oxi- 
dase associated with such heart muscle particulate systems has led to con- 
siderable knowledge of its chemical and physical properties (2-4). 

Cytochrome c oxidase has resisted separation from insoluble particles 
which might lead to isolation by the usual techniques of protein purifica- 
tion. By exposing heart muscle extract to a combination of autolysis 
and sonic vibrations, Haas (5) obtained a preparation in which the cyto- 
chrome c oxidase was not as completely sedimented by a gravitational 
force of 10,000 X g as it was in the untreated extract. However, no puri- 
fication resulted from this treatment (6). Cholate or desoxycholate, 
which has a clarifying action on turbid heart muscle extracts, has been used 
by a number of workers in attempts to separate and purify enzymes at- 
tached to particles (7-9). <A selective solubility of the hemoproteins of 
heart muscle extract in desoxycholate solutions has been reported (10, 11) 
to yield a somewhat purified cytochrome c oxidase preparation; at high 


concentrations of desoxycholate (3 to 4 per cent) the oxidase was not 
sedimented by centrifugation at 20,000  g, but was found to be insoluble 


on removal of the desoxycholate by dialysis (12). 

The present paper describes the treatment of heart muscle extract con- 
taining cholate with digestive enzymes under carefully controlled condi- 
tions. This procedure led to an increased solubility of the enzyme, so 
that it could be fractionated by ammonium sulfate precipitation. The 
resulting preparation showed some degree of purification, and proved to be 
optically clear and to be devoid of most of the other enzymes originally 
attached to the heart muscle particles. 


* This research was supported in part by funds granted by the Donner Founda- 
tion, Inc., Philadelphia, Pennsylvania. 

Presented at the meeting of the American Society of Biological Chemists at At- 
lantie City, April, 1951. 

t Present address, Johnson Research Foundation, University of Pennsylvania, 
Philadelphia, Pennsylvania. 
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EXPERIMENTAL 
Methods and Reagents 


Heart Muscle Extract—Fresh pig hearts were freed of visible fat and f- 
brous tissue and the muscle was passed twice through a meat grinder. The 
minced muscle was used either immediately or within 10 days of storage 
at —15°. A 200 gm. portion of heart mince was washed by being stirred 
for 20 to 30 minute intervals with 5 successive 2 liter volumes of distilled 
water; each time the wash water was removed by pressing through mus- 
lin. The washed mince was homogenized in a Waring blendor for 7 min- 
utes with 500 ml. of cold phosphate buffer (0.1 mM, pH 7.4). The homogen. 
ate was then centrifuged in an International refrigerated centrifuge at 
about 1000 X g for 45 minutes. The cloudy supernatant fluid was re. 
tained and the residue reextracted with 300 ml. of the same buffer by ho- 
mogenization in a Waring blendor for 2 minutes. After a similar centri- 
fugation, the supernatant fluid was added to that originally obtained, 
About 500 ml. of extract were usually obtained from 200 gm. of heart 
muscle. 

Cholate Extract—C.p. cholic acid (Fischer Scientific Company) was re- 
crystallized from 70 per cent ethanol. From this purified acid a 40 per 
cent solution of sodium cholate in 0.1 mM phosphate buffer, pH 7.4, was 
prepared as follows: 3.72 gm. of sodium hydroxide were dissolved in 50 
ml. of 0.1 m phosphate buffer, pH 7.4, 38.0 gm. of cholic acid were added 
and allowed to dissolve, and the pH of the solution was adjusted to 74 
and the volume brought to 100 ml. with buffer. 

Appropriate volumes of this strong solution were added to the heart 
muscle extracts to make the ‘cholate extracts.” 

Digestive Enzymes—Farlier experiments reported in this paper utilized a 
preparation from fresh beef pancreas, obtained by homogenizing the tissue 
in a Waring blendor for 1 minute with an equal volume of ice water, ther 
filtering through coarse filter paper in the cold and adding cold ethanol to 
a final concentration of 30 per cent (by volume). The precipitate which 
formed was collected by centrifugation and was suspended in cold 1 per 
cent sodium chloride to a volume equal to that of the original pancreatic 
extract. This preparation was found to be highly variable in digestive 
activity, and was replaced in later experiments by the ‘1-300 trypsin” 
powder obtained from the Nutritional Biochemicals Corporation. 

Determination of Cytochrome c Oxidase Activity—The colorimetric method 
of Smith and Stotz (13) was employed as described, except that the active 
enzyme preparations were diluted immediately before addition to the other 
reagents in the colorimeter tube. Some preparations were also assayed by 
the manometric method of Stotz, Sidwell, and Hogness (14). 
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Determination of Cholate—The concentration of cholate in the enzyme 
preparations was measured by the colorimetric method of Reinhold and 


Wilson (15). 
Results 


Effect of Cholate and Desoxycholate on Cytochrome Oxidase Activity— 
Table I records the results of a series of experiments designed to determine 
the effects of added cholate or desoxycholate on the cytochrome c oxidase 
activity of the heart muscle extract. For this purpose cholate or desoxy- 
cholate was added either to heart muscle extracts or to an active oxidase 
fraction obtained by ammonium sulfate fractionation of a cholate extract 


TABLE 
Effect of Cholate and Desoxycholate on Oxidase Activity 


Condition Heart muscle extract Ammonium sulfate fraction 


| units per ml. | units per ml. 
02% | 3000 | 658 


Ammonium sulfate fraction was that collected between 0.3 and 0.5 saturation of 
aheart muscle extract containing 1.3 per cent cholate. Concentrations of desoxy- 
cholate and cholate recorded in the first column represent those present in the heart 
muscle preparation. Units of oxidase are those defined by Smith and Stotz (13). 


of heart muscle. Such preparations were then assayed by the colorimetric 
method. 

A concentration of 0.2 per cent desoxycholate in the heart muscle extract 
doubled the oxidase activity, while higher concentrations were inhibitory. 
In contrast, cholate showed no marked effects at these concentrations, al- 
though a slight increase was occasionally noted. Cholate was therefore 
chosen as the dispersing agent for further studies on digestion of the heart 
muscle extract. 

In experiments not reported in detail here, it appears that either cholate 
or desoxycholate brings about almost complete dissociation of the cyto- 
chrome c from the insoluble particles. This was revealed by measuring 
the oxidase activity first in the absence of added cytochrome c, and then 
in the presence of an excess. While in the absence of cholate or desoxy- 
cholate there appeared to be a 15 to 23 per cent saturation of the oxidase 
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with endogenous cytochrome c, in the presence of 4 per cent desoxycholate 
or 2 per cent cholate the oxidase was less than 1 per cent saturated with 
the cytochrome c present. 

Effect of Digestive Enzymes on Solubility of Cytochrome Oxidase—The ad. 
dition of a number of digestive enzymes to heart muscle extracts contain- 
ing 1 per cent cholate was observed to produce a clarification of the sus- 
pension. Pancreatin, chymotrypsin (Worthington Chemical Company), 
and three commercial proteases (proteases Nos. 15 and 16 and Rhozyme 
prepared by Rohm and Haas Company) showed the clarifying effect, but 
also produced extensive inactivation of the enzyme. Ribonuclease, a duo- 
denal extract (Viobin Laboratories), and papain had no effect either in 
clarifying the cholate extract or on the cytochrome c oxidase activity. It 
was found that an extract of beef pancreas (see “‘Methods and reagents”) 
and the commercial trypsin preparation produced clarification at 4° with- 
out loss of cytochrome c oxidase activity. 

To test for a change in the solubility of the oxidase, samples of the mix- 
ture were removed at different time intervals during the digestion and 
subjected to centrifugation at 20,000 * g, and the supernatant fluids were 
tested for oxidase activity. During the course of these studies it was 
noted that the marked change in solubility brought about by the action 
of the digestive enzyme was evident only if ammonium sulfate was added 
to the digested preparation before high speed centrifugation. Table II 
shows that low activities of oxidase are found in the supernatant fluids 
with or without digestion, but that oxidase solutions as active as the heart 
muscle extract can be obtained after digestion which was followed by cen- 
trifugation in the presence of ammonium sulfate. 

The action of pancreatic extracts produced a change in the solubility 
of the oxidase in as short a time as 1 hour at 4°. Similar results were ob- 
- tained with the commercial trypsin preparation at a concentration of 0.2 
mg. per ml. of cholate extract. 

Fractionation of Digested Cholate Extract—Since digestion of the heart 
muscle extract in the presence of cholate caused an increase in solubility 
of the oxidase, it seemed possible that conventional fractionation with 
ammonium sulfate might effect a purification of the oxidase. Table III 
illustrates the results of parallel fractionations of digested and undigested 
cholate extracts of heart muscle. Similar results were obtained when ap- 
propriate concentrations of commercial trypsin were used for digestion. 

It is clear that fractionation of digested cholate extract resulted in a 
recovery of over 90 per cent of the oxidase in the fraction collected between 
0.4 and 0.5 saturation with ammonium sulfate, in contrast to the poor re- 
covery and fractionation of the oxidase with undigested extracts. Equally 


important was the observation that the “0.4-0.5” fraction from digested — 
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extract resisted sedimentation at 20,000 X g for 1 hour, while the corre- 
sponding fraction from the undigested extract was nearly completely sedi- 
mented by this centrifugation. 


TaBLeE II 


Effect of Digestion on Cytochrome Oxidase Activity of Heart Muscle Extract 
Containing Cholate 


The figures in the table are given as units of oxidase per ml. 


Time of digestion 
Material assayed 
0 hr. 1 hr. 3.4 hrs. 6.5 hrs. 12 hrs. 
261 226 222 238 179 
Supernatant fluid from digest. ... 24 30 44 36 
after digestion 
and addition of (NH,4)2SO,..... 98 281 240 251 


Heart muscle extract containing 1 per cent cholate was digested with pancreatic 
extract (1 ml. per 100 ml. of digest). Supernatant fluids were prepared by centri- 
fuging aliquots of the digests at 20,000 X gforl hour. In the third line, ammonium 
sulfate was added to a concentration of 0.2 saturation after digestion and before 
centrifugation. 


TABLE III 
Ammonium Sulfate Fractionation of Digested and Undigested Cholate Extracts 
Digested cholate extract Undigested cholate extract 
Fraction 
Units of oxidase | Total units in Units of oxidase) Total units in 

per mg. fraction per mg. fraction 

Cholate extract............... 46 34,700 46 34,700 
00.3 saturation............... 6 1,100 5 2,340 
0.3-0.35 saturation............ 8 500 17 970 
0.35-0.40 ww 40 2,020 30 2,280 
0.40-0.50 267 32,000 63 7,850 


Heart muscle extracts contained 0.8 per cent cholate. Digestion was with pan- 
creatic extract (1 ml. per 100 ml. of cholate extract). Fractionation was with solid 
ammonium sulfate in the cold, and the precipitated fractions were dissolved in 0.1 
uM Na;xHPO,. Units of oxidase were determined as before, and dry weights were 
determined after dialysis. 


The digestive enzymes appear to be removed during the ammonium 
sulfate fractionation. This seems clear from the observation that the 
“0.4-0.5” fraction was stable for months if stored in the frozen state, 
whereas heart muscle extract containing cholate and trypsin rapidly lost 
its oxidase activity if stored in a similar way. 
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Properties of Type I Preparation—The solution obtained by dissolving 
the precipitate collected between 0.4 and 0.5 ammonium sulfate saturation 
in 0.1 M NasHPO, is referred to as the Type I preparation. It is a clea 
red-brown solution containing approximately 0.5 per cent cholate and 3 
per cent ammonium sulfate. The oxidase activity per mg. of dry weight 
is about 6 times that of the original heart muscle extract, as measured by 
the colorimetric method. The Qo, at 30°, determined by the manometric 
method, was found to be 4330 for a typical preparation, as compared with 
a value of 720 for the heart muscle extract from which it was prepared. 


OO 


S$00 520 540 560 580 600 620 


Wavelengtn 


Fig. 1. Absorption spectrum of Type I cytochrome oxidase preparation. Curve 
A, reduced with dithionite; Curve B, oxidized. Beckman spectrophotometer, 10 
mm. light path cuvettes. 


The absorption spectrum of the preparation in the spectral range from 
500 to 620 mu, before and after reduction with dithionite, is pictured in 
Fig. 1. In the oxidized form the only prominent band is a broad one at 
about 595 mu. After reduction with dithionite there are stronger and 
sharper peaks at 605 and 560 muy, and a smaller peak at about 527 mp 
There is no evidence of cytochrome c in the preparation, either from spec- 
tral observations or from the results of the oxidase assays. The succinic 
dehydrogenase activity! is about one-tenth that of the heart muscle ex- 
tracts. 

1 Estimated by a colorimetric method to be published from this laboratory, in 


which the time necessary for reduction of a fixed amount of 2,6-dichlorobenzenone- 
indo-3’-chlorophenol is measured. 
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Type II Preparation—It was observed that the solubility of the cyto- 
chrome c oxidase in the preparation was dependent upon the presence of 
cholate and ammonium sulfate, but that the concentration of sodium 
cholate could be reduced to a very low level by dilution or dialysis without 
loss of solubility, provided that a rather high (about 0.25 saturated) con- 
centration of ammonium sulfate was maintained. 

Thus it was possible to precipitate much of the oxidase protein by simple 
dilution of the Type I preparation with 0.1 Mm Na2HPO,. When the pre- 
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Fig. 2. Absorption spectrum of Type II cytochrome oxidase preparation. Dash 
line, oxidized; solid line, reduced with dithionite. Beckman spectrophotometer, 10 
mm. light path cuvettes. 


cipitate was collected by centrifugation and dissolved in a mixture of 0.5 
per cent cholate and 0.25 saturated ammonium sulfate, a clear brown- 
green solution was obtained. This procedure usually resulted in some 
degree of purification, occasionally 2-fold, but often less. The spectrum 
of the Type II preparation, recorded in Fig. 2, shows that most of the sub- 
stance absorbing near 560 my in the reduced form was eliminated. The 
reduced preparation is a clear green, and the spectrum now corresponds 
essentially to that ascribed to a mixture of cytochromes a and a3. In addi- 
tion to the absorption bands in the region of 600 my, the prominent bands 
(Soret) at 420 my for the oxidized form and at 445 my for the reduced 
form may be noted. 

Details for Preparing Cytochrome Oxidase—After the optimal conditions 
of cholate concentration, time and temperature of digestion, and fractiona- 
tion were determined, the following procedure was adopted. 
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Sodium cholate (40 per cent) is added to the heart muscle extract (see 
“Methods and reagents’) to make a final concentration of 0.8 per cent, 
The cholate extract is digested at 4° for 1 to 2 hours with the commercial 
trypsin preparation (0.2 mg. per ml. of digest). At the end of this time 
there should be observed a considerable clarification of the cloudy extract, 
as compared with a sample of undigested cholate extract. Solid ammon- 
ium sulfate (23 gm. per 100 ml.) is then added to make the mixture 0.4 
saturated? and the mixture is allowed to stand at 4° for several hours, 
After centrifugation in the cold, the supernatant fluid is decanted and 
made up to 0.5 saturation with ammonium sulfate (6 gm. per 100 ml. of 
solution). The precipitate is collected by centrifugation at 4° (7000 x g 
for 20 minutes in an angle centrifuge is sufficient) and dissolved in 0.1 
NasHPO,, with the use of a volume of about 10 ml. for each 100 ml. of 
cholate extract digested. This yields the Type I preparation.’ 


The dark red-brown solution is diluted with 4 volumes of cold 0.1 x | 


NasHPO, and subjected to centrifugation at 10,000 * g for 1 hour. The 
sticky red precipitate is then dissolved in a mixture of 13 per cent am- 


monium sulfate and 0.5 per cent sodium cholate. If the final solution is — 


not absolutely clear, it is centrifuged at high speed for 15 to 20 minutes. 
Stability of Preparation—-When the oxidase preparation is stored in the 
frozen state, the activity remains unchanged for a period of several months. 


The preparation may be diluted without loss of optical clarity either | 


with a solution of 0.25 saturated ammonium sulfate or with a solution of 
0.25 saturated ammonium sulfate containing 0.5 per cent cholate. Dialy- 
sis against 0.25 saturated ammonium sulfate results in the removal of 
most of the cholate (to a concentration of less than 0.1 per cent) without 
production of turbidity or loss of activity. If, however, the preparation 
is diluted with buffer or water, turbidity soon results with a concomitant 


_ decrease in activity. However, when the solution is diluted 100 times or | 


more with cold distilled water, as is necessary for the oxidase assay, 4 
water-clear mixture is obtained which retains its cytochrome oxidase ac- 
tivity unchanged for at least 24 hours. 


DISCUSSION 


The preparation described has strong cytochrome c oxidase activity 
with a number of useful properties: (1) it is optically clear and thus can 
be used to advantage in spectroscopic studies; (2) it is free of cytochrome ¢ 


? Ammonium sulfate saturations, as used in this paper, are based on solubility at 
20°; at this temperature a solution of saturation of 1.0 is a 52 per cent solution. 

3 At times this solution is not clear and thus not suitable for spectrophotometric 
work; in this case dialysis of the preparation against a solution containing 13 per 
cent ammonium sulfate and 0.5 per cent sodium cholate in 0.1 M NasHPO, produces 
clarification. 
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and low in the other enzymes of the heart muscle extract; (3) its prepara- 
tion is simple; and (4) it can be stored in the frozen state for at least 3 
months without measurable loss of activity. 

The concentration of cholate can be reduced to a very low level in the 
digested preparation without loss of solubility or activity. In this it 
clearly differs from the preparations of Cooperstein ef al. (12), in which a 
high concentration of desoxycholate appears to be necessary for solubility 
of the oxidase. It is difficult to evaluate how much of the “purification” 
produced by centrifugation at different concentrations of desoxycholate 
is due to inhibition and stimulation by the desoxycholate salts. Thus 
Wainio et al. (16) also report observations on the inhibitory effects of 
desoxycholate, and find that the oxidase activity varies with the dilution 
of the preparation (10). A marked stimulatory effect is evident from 
the observation of Ejichel et al. (11) that ‘“‘desoxycholate fractionation”’ 


- may result in an increase from 300 to 1840 in Qo,-protein in their assay 


system with retention of 80 per cent of the protein. 
Cholate and desoxycholate, and even salt solutions (17), appear to affect 
the association of oxidase and cytochrome c in heart muscle particles, and 


chrome system with ammonium sulfate (9, 10). The preliminary diges- 
tion of the heart muscle preparation, as reported in this paper, clearly 


_ results in a change of solubility of the oxidase, which permits a rather sharp 


fractionation with ammonium sulfate. Thus, while the oxidase in the 
heart muscle particle before digestion is precipitated by ammonium sul- 
fate, after digestion the oxidase requires moderate concentrations of am- 
monium sulfate or other salts for solubility. The apparently mild diges- 
tion for 1 hour at 4°, which accomplishes the change in solubility of the 
oxidase, is remarkable. The type of digestion reported by Tsou (18) to 
inactivate cytochrome c, namely tryptic digestion at 24° for 20 hours, 
nearly completely inactivates cytochrome oxidase. 

With regard to the cytochrome a and a; (oxidase) components of the 
Type II cytochrome oxidase preparation reported, it is of interest that 
the ratio of the increase of optical density at the Soret peak on reduction 
to the increase at 605 muy is similar (6.7) to that found by Chance?‘ for 
heart muscle particles, indicating no separation of the cytochrome a and 
a; components. Further studies on the reactions and relations of these 
components will be reported in later papers. 


SUMMARY 


A method for the partial purification of the cytochrome c¢ oxidase of 
pig heart muscle has been described. Fractionation with ammonium sul- 


‘Personal communication of unpublished experiments. 
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fate was accomplished after treatment of the phosphate extract of hear 


muscle with digestive enzymes and in the presence of cholate. The re. 


sulting preparation is free of cytochrome c. The spectrum of the oxidized 
and reduced preparation is given. 
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THE ENZYMATIC SYNTHESIS OF HISTIDINE 
FROM HISTIDINOL* 


By ELIJAH ADAMS 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, March 11, 1954) 


The amino alcohol L-histidinol was first shown to be a metabolic inter- 
mediate by Vogel, Davis, and Mingioli (1), who demonstrated its aecumu- 
lation in cultures of a histidine-requiring Escherichia coli mutant, as well as 
its utilization for growth by other histidineless FE. coli mutants. In sub- 
sequent studies of Neurospora mutants by Ames, Mitchell, and Mitchell 
(2) t-histidinol was isolated from mycelia and thought to be the terminal 
member of a sequence of imidazole intermediates on the biosynthetic path- 
way to histidine. In the present work, the conversion of histidinol to his- 
tidine has been studied in cell-free preparations derived from histidinol- 
adapted soil bacteria, from F. coli, and from dried yeast. The utilization 
of histidinol, as catalyzed by cell-free extracts of both /. coli and adapted 
cells, requires DPN,! the over-all reaction being 


Histidinol + 2DPN* + H.2O — histidine + 2DPNH + 2H* 


The system has been partly purified from adapted cells and some of its prop- 
erties were studied .? 


EXPERIMENTAL 


Materials—Both the tL and pb isomers of histidinol dihydrochloride were 
prepared by a modification (3) of the method of Karrer ef al. (4) and gave 
satisfactory elementary analyses and optical rotations. Other amino al- 
cohols were commercial preparations (Haco Gesellschaft, A. G., Berne, 
Switzerland). DPN was a commercial product (Sigma). TPN was pur- 
ified from a commercial preparation (Sigma) according to Kornberg and 
Horecker (5). DPNH was prepared by the method of Ohlmeyer (6). 
ATP was a commercial product (Pabst). Urocanie acid was prepared en- 


* A partial report of this work was presented at the annual meeting of the Federa- 
tion of American Societies for Experimental Biology at Chicago, April 6 to 10, 1953. 

'The following abbreviations will be used: DPN and DPNH for oxidized and 
reduced diphosphopyridine nucleotide, respectively, TPN for triphosphopyridine 
nucleotide, ATP for adenosinetriphosphate, Tris for tris(hydroxymethyl)amino- 
methane, PCMB for p-chloromercuribenzoic acid. 

* Although the over-all reaction may be catalyzed by more than one enzyme, the 
activity concerned will be referred to as histidinol dehydrogenase. 
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zymatically by the action of histidase on t-histidine (7, 8). PCMB was 
provided by Dr. W. W. Kielley of the National Heart Institute. Imidazole. 
acetol (2-keto-3-(4 (5)-imidazolyl)propanol) was a gift of Dr. B. N. Ames of 
this Institute. Glucose-6-phosphate dehydrogenase, glucose-6-phosphate, 
and hexokinase were furnished by Dr. B. L. Horecker. Glucose dehydro. 
genase was a sample prepared by Dr. I. Lieberman according to the pro- 
cedure of Strecker and Korkes (9). Lactic dehydrogenase was prepared 
by the method of Kornberg and Pricer (10); alcohol dehydrogenase was 
partly purified from frozen horse liver by the method of Bonnichsen (11), 
Crude extracts of Clostridium kluyvert were provided by Dr. E. R. Stadt- 
man of the National Heart Institute. 

Methods—Manometric determinations were carried out with the con- 
ventional Warburg apparatus. Spectrophotometric measurements were 
made at room temperature with a Beckman model DU spectrophotometer 
in cells of 1.0 cm. light path. Paper chromatography for the detection of 
various imidazole compounds was carried out by the procedures of Ames 
and Mitchell (12). 

Histidinol was determined colorimetrically by a modification of the 
method for histamine described by Rosenthal and Tabor (13). As with 
histamine, the colored coupled product of histidinol and diazotized p-nitro- 
aniline is extractable from an aqueous reaction mixture by methyl] isobutyl 
ketone. The coupled colored product with histidine is not extracted by the 
ketone under these conditions, thus permitting an estimation of histidinol 
in the presence of histidine (14). 

Urocanic acid as a product of enzyme incubations was determined by 
use of its extinction coefficient and characteristic spectra at varying pH (8). 

L-Histidine was determined enzymatically by the use of a crude prepara- 
tion of histidase heated to inactivate urocanase. L-Histidine is converted 
_ quantitatively to urocanic acid which is stable in the absence of urocanase 
and can be measured spectrophotometrically. For this purpose, cells of 
histidine-adapted Pseudomonas fluorescens were obtained from Dr. A. H. 
Mehler and Dr. H. Tabor; the preparation and assays of the enzymes con- 
cerned have been described by them (8). 

ATP was assayed by determinations (15) of acid-labile phosphate (10 
minute hydrolysis at 100° in 1 N HCl) and enzymatically by the use of 
hexokinase and glucose-6-phosphate dehydrogenase (16). Pyruvate was 
assayed enzymatically with DPNH and lactic dehydrogenase (17). Pro- 
tein was determined spectrophotometrically by use of the extinction co- 
efficients for protein and nucleic acid at 260 and 280 my given by Warburg 
and Christian (18). 

Cultures of E. coli (Waksman strain) were grown in liter batches under 
conditions described by Vogel and Davis (19). <A series of histidineless 
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mutants derived from this strain was cultured under similar conditions, 
except for the addition to the medium of 0.1 per cent L-histidine monohydro- 
chloride monohydrate neutralized with NaOH to approximately pH 7. 
Both wild type and mutant stock cultures were provided by Dr. H. Tabor. 

Cultural conditions for the soil organism used will be described under 
“Results.” 

Bacteria were collected from culture media by centrifugation either in a 
Sharples or Servall SS-1 centrifuge. Cells were washed several times with 
asolution of 0.25 per cent NaCl and 0.25 per cent KCl and stored at —15°. 
Extracts were made by grinding frozen cells in a chilled mortar with twice 
their weight of alumina (Alcoa A-301) and triturating the resulting paste 
with 10 volumes of either cold water or cold 0.04 m phosphate buffer, pH 
6.8. Cell-free supernatant solutions were obtained by centrifuging these 
extracts for 10 minutes at 22,000 X g in a Servall centrifuge, model SS-1. 


Results 


In preliminary experiments, dense cell suspensions of wild type EF. coli 
were found to degrade L-histidinol, as determined colorimetrically. Cell- 
free extracts of FE. coli also catalyzed a slow conversion of histidinol to his- 
tidine. Since a more active source of histidinol dehydrogenase seemed 
desirable, an organism was isolated from soil by the enrichment technique, 
with L-histidinol as substrate. The soil organism showed good growth in 
media containing L-histidinol as the major source of carbon and nitrogen, 
and adapted cells yielded extracts which were a rich source of the enzyme. 
Most of the data presented are based on the histidinol-adapted soil organ- 
ism, with comparative information on the occurrence and gross properties 
of the system in extracts of FE. coli and autolysates of dried brewers’ yeast. 

Isolation and Properties of Soil Organism—aA 5 gm. sample of moist soil 
was mixed with 150 mg. of L-histidinol dihydrochloride and stored at 25° 
for5 days. Fragments of soil were then placed on solid medium consisting 
of 0.15 per cent K;HPO,, 0.05 per cent KH:PO,, 0.02 per cent MgSO, 
(“Pseudomonas mineral medium,” (20)), 0.2 per cent Bacto-agar (Difco), 
and 0.2 per cent L-histidinol dihydrochloride neutralized to approximately 
pH 7. Good growth occurred about soil fragments on aerobic plates in- 
cubated at 25°. Subcultures to solid media of the same composition re- 
sulted in the growth of at least four distinct colony types. One of the iso- 
lated organisms* grew well in liquid media containing the Pseudomonas 
mineral mixture, 0.2 per cent L-histidinol and 0.01 to 0.1 per cent yeast ex- 


*The generous advice and assistance of Dr. H. A. Barker of the University of 
California during the isolation procedure are gratefully acknowledged; Dr. FE. Verder 
of the National Microbiological Institute gave valuable help in a provisional identi- 
fication of the organism. 
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tract (Difco); the initial histidinol of 10 ml. of the medium was decomposed 
during 36 hours growth. 

The organism (American Type Culture Collection No. 11,442) is an aero. 
bic, non-motile, non-acid-fast, gram-variable pleomorphic rod whose mor. 
phology and general cultural characteristics are consistent with the family 
Corynebacteriaceae. More detailed taxonomic studies of the organism 
were carried out by Dr. F. EF. Clark of Iowa State College who assigned 
it to the recently designated genus Arthrobacter (21). This species will be 
referred to as Arthrobacter histidinolovorans. 

Under forced aeration, the organism grows well at 25° in liquid media of 

mineral composition already described. Glucose and ammonia, 1-his- 
tidinol, t-histidine, and casein hydrolysate can all serve as substrates, 
Small amounts of yeast extract must be added to the medium for optimal 
growth on 0.1 to 0.2 per cent L-histidinol or L-histidine. Specific nutritional 
requirements have not been definitively investigated. 
' Difficulty was encountered with carboy size cultures of A. histidinolovo- 
rans, in that growth was poor and cultures frequently showed subsequent 
progressive clearing of the turbidity established at about 12 hours.  Ex- 
periments with various buffers and graded degrees of aeration indicated that, 
with extremely vigorous aeration, sufficient CO. was removed to limit 
growth. This finding, suggested by the CO. requirement of C. kluyeri 
(22), prompted the routine aeration of cultures with a gas mixture of 95 per 
cent oxygen and 5 per cent carbon dioxide. This method uniformly yielded 
good growth (optical density at 650 my was 0.4 to 0.6) in 24 hours, at which 
time cells were harvested. Stock cultures of the organism were grown at 
25° in 2 ml. of the Pseudomonas mineral medium containing 0.2 per cent 
L-histidinol and 0.1 per cent veast extract and were maintained by transfer 
at intervals of 1 to 2 weeks. For enzyme preparations cultures were grown 
in 1 to 10 liter lots in medium of the same composition used for stock cul- 
tures; the vield of cells at 24 hours averaged 2 gm. wet weight per liter of 
culture. 

Adaptation to Histidinol and Histidine-—Adaptation to both t-histidinol 
and t-histidine could be demonstrated by oxygen consumption curves for 
suspensions of cells grown in a glucose-ammonium sulfate medium and in- 
cubated with the compound tested (Fig. 1, 4). When cells were grown on 
L-histidinol, washed suspensions utilized added t-histidinol without delay 
(Fig. 1, B). The similarly rapid consumption of oxygen on the addition 
of L-histidine to such suspensions indicates that simultaneous adaptation 
to this substrate had occurred and is evidence that histidine is a significant 
metabolic product of the degradation of histidinol (23, 24). Conversely, 
cells grown on L-histidine were able to utilize added L-histidinol only after a 
lag period comparable to that seen with glucose-grown cells. 

An investigation of the specificity of adaptation to L-histidinol was made 
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by testing a number of aminoalcohols as growth substrates. Test cultures 
contained each substrate at 0.2 per cent (with respect to the L isomer of 
racemates) and yeast extract at 0.05 to 0.1 per cent, in the standard mineral 
medium adjusted to a final pH of 7. Under conditions which gave heavy 
growth in the presence of L-histidinol, the following substrates were found 
incapable of supporting growth beyond the level measured for yeast ex- 
tract controls: p-histidinol, pL-methioninol, L-phenylalaninol, serinol, DL- 
tryptophanol, L-tyrosinol, L-leucinol, ethanolamine. Imidazoleacetol was 
similarly found incapable of supporting the growth of A. histidinolovorans. 


if {|e 
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Fig. 1. Oxygen consumption of A. histidinolovorans with various substrates. A, 
cells grown in medium containing 0.2 per cent glucose and 0.1 per cent (NH4)2504; 
B, cells grown in medium containing 0.2 per cent L-histidinol and 0.1 per cent yeast 
extract. Washed cells collected from 24 hour cultures were suspended in 0.04 M 
phosphate buffer, pH 6.8, and shaken at 38° in Warburg vessels. Each vessel con- 
tained approximately 10 mg. wet weight of cells. Each substrate (2 um) was added 
at zero time. In A, the arrow marked with an asterisk indicates a second addition 
of 2um of L-histidinol. The increment in oxygen consumption over the endogenous 
level for 2 um of histidinol (A) represents 50 per cent of the theoretical value for com- 
plete oxidation of the substrate. 


Attempts were made to adapt other microorganisms to growth on L- 
histidinol. At 0.2 per cent, this substrate did not support the growth (be- 
yond that of yeast extract controls) of EF. coli, P. fluorescens, and Torulopsis 
utilis inoculated into media of appropriate composition (19, 20, 25). A 
series of twenty-five soil organisms, many of them classified as other species 
of Arthrobacter, was kindly furnished by Dr. F. E. Clark; these were tested 
in the histidinol-containing medium routinely employed for A. histidino- 
loorans and were all negative as determined both by failure of the organ- 
isms to grow beyond the level of yeast extract controls and to decompose 
the histidinol of the medium. 


Adaptive Histidinol Dehydrogenase 


Assay—Cell-free extracts of histidinol-grown A. histidinolovorans catalyze 
the rapid disappearance of L-histidinol, as followed by colorimetric esti- 
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mates of the substrate or by paper chromatography. ‘The rate of the re. 
action in crude extracts is dependent on the addition of DPN and further 
increased by the addition of a DPN-regenerating system, lactic dehydro. 
genase and pyruvate (Table I). 

Enzyme assay by following direct reduction of DPN proved impossible 
in crude preparations because of the presence of DPNH oxidase activity, 
For initial work, therefore, a convenient spectrophotometric assay was 
based on the reduction of 2,6-dichlorophenolindophenol. Since endog- 
enous diaphorase became limiting on purification of the enzyme, it was nee- 


TABLE [ 
DPN Dependence of Histidinol Degradation by Crude Extracts of A. histidinolovorans 


Incubation Mixture A contained 0.2 ml. of crude bacterial extract, 2 um of L-histi- 
dinol, and 170 um of phosphate buffer (pH 7.5) in a volume of 3.0 ml. Incubation 
Mixture B was identical with Incubation Mixture A, plus 1 um of DPN; Incubation 
Mixture C was identical with Incubation Mixture B, plus 1 um of sodium pyruvate 
and 0.005 ml. of lactie dehydrogenase (rabbit muscle, approximately 1000 units per 
ml. (10)). The incubation mixtures were kept at 25°; aliquots taken at times shown 
were heated for 2 minutes at 100°. Histidinol was determined by the diazo test. The 
disappearance of histidinol in amounts greater than the equivalents of DPN or 
pyruvate initially present is attributed to the DPNH oxidase activity of crude bac- 
terial extracts. 


Histidinol, um 
Incubation Mixture A Incubation Mixture Incubation Mixture C 
min | | | 
0 | 2.0 | 2.0 2.0 
30 | 2.1 1.6 0.9 
240 1.9 0:6 0.0 


essary to add this component; crude C. kluyvert extract (26) was a satis- 


factory source. 

Routine assays were done in 3 ml. containing 0.075 uM of 2 ,6-dichloro- 
phenolindophenol, | um of DPN, 150 uM of Tris (pH 8.9), 0.02 ml. of crude 
C. kluyveri extract, and enzyme. The reaction was initiated by the addition 
of 1 um of L-histidinol and followed by the decrease in optical density at 
600 mu. 1 unit of enzyme is defined as the quantity required for a density 
decrease of 0.01 unit per minute; specific activity is calculated as units’ 
per mg. of protein. 

Proportionality of units and enzyme concentration in the dye assay sys- 
tem is shown in Fig. 2. 

‘From the approximate extinction coefficient of 2,6-dichlorophenolindophenol 


at 600 mu and pH 7 to 9 (e = 30 X 10% sq. em. per mole), 1 unit corresponds to the 
oxidation of histidinol to histidine at a rate of 0.5 myM per minute in 3 ml. 
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With partially purified preparations of histidinol dehydrogenase, it was 
possible to assay the enzyme by measuring the rate of production of DPNH 
at 340 mu. The assay system contained enzyme, buffer, and DPN (0.3 
ym per ml.) and the reaction was initiated by the addition of 1 um of L-his- 
tidnol. Activity measured by this assay was also proportional to enzyme 
concentration. 

Purification of Enzyme—The procedures were carried out in an ice bath; 
the precipitates were collected with an angle centrifuge kept in a 5° cold 
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Fig. 2. Initial rate of 2,6-dichlorophenolindophenol reduction as a function of 
enzyme concentration. The enzyme was a crude extract of A. histidinolovorans. 
See the text for details of assay. 

Fig. 3. Relative activity of histidinol dehydrogenase as a function of pH. A, 
crude extract of #. coli (dash curve) and A. histidinolovorans (solid curve). B, 
partly purified preparation from A. histidinolovorans. All buffers were at 0.05 m 
final concentration: O, phosphate; A, Tris; V, pyrophosphate; 0, glycine. Solid 
symbols, A. histidinolovorans; open symbols, FE. coli. The crude extracts were 
assayed by dye reduction; the purified enzyme by DPN reduction. The specific 
activities at optimal pH were for crude E. coli enzyme, 1; crude A. histidinolovorans 
enzyme, 16; purified A. histidinolovorans enzyme, 100 units per mg. of protein. 


The crude extract (protein, about 10 mg. per ml.; specific activity, 7 to 
25 units per mg. of protein) was diluted with 0.04 m phosphate buffer, pH 
6.8, to a protein concentration of 7 mg. perml. To each 5 ml. of the diluted 
extract was added 1 ml. of a freshly prepared 1 per cent solution of pro- 
tamine sulfate (Nutritional Biochemicals Corporation) in water. The mix- 
ture was kept cold for 5 minutes and the heavy precipitate removed by 
centrifugation. ‘To each ml. of the protamine supernatant solution,® 2 
ml. of ammonium sulfate solution, saturated at 5°, were added to bring the 
final saturation in ammonium sulfate to 0.67. After keeping the solution 


‘Specific activity was not determined at this step, since the protamine solution 
itself gave significant absorption at 280 mz. 
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in an ice bath for 20 minutes, a small precipitate was collected and redis. 
solved in cold 0.04 m phosphate buffer, pH 6.8, to approximately half the 
volume of the original extract (protein, 1 to 4 mg. per ml.; specific activity, 
100 to 270 units per mg. of protein). 

Crude extracts of A. histidinolovorans grown in a medium in which glu- 
cose and ammonium sulfate replaced L-histidinol gave virtually no activity 
when assayed by the 2,6-dichlorophenolindophenol method; this con- 
stitutes additional evidence for the adaptive nature of the enzyme and sug- 
gests that the formation of histidinol dehydrogenase determines the ca. 
pacity of whole cells to oxidize L-histidinol. 


Properties of Enzyme 


Stability—Crude extracts lost up to 50 per cent of their initial activity 
when stored several days at —15°. The final ammonium sulfate fraction 
was considerably more stable and retained most of its activity at — 15° for 
periods up to a week. Preparations were not stabilized by the addition of 
ethylenediaminetetraacetate or sulfhydryl compounds. 

Crude extracts could be dialyzed against distilled water overnight at 5° 
without loss of activity beyond that of undialyzed samples at 5°; partly 
purified ammonium sulfate fractions became inactive on dialysis against 
water but were stable to dialysis against 0.04 m phosphate at pH 7 or other 
buffers of similar ionic strength and pH. 

pH Optimum and Michaelis Constants—The pH-activity curves for crude 
and partly purified enzyme from A. histidinolovorans are shown in Fig. 3, 
A and B. The similarity of pH optima in the dye assay of crude enzyme 
and in the assay by DPN reduction of purified enzyme indicates no depend- 
ence of this value on other components of the assay system. The pH- 
activity curve for EF. coli extracts, included in Fig. 3, A, will be discussed 

below. | 
Measurements of the rate of the reaction as a function of the concentra- 
tion of DPN and of t-histidinol, both withcrude and partly purified enzyme, 
gave typical Lineweaver-Burk plots (27), from which the Michaelis con- 
stants were calculated (Table II). Data for EF. coli extracts, discussed 
below, are also included in Table II. 

Stoichiometry and Identification of Products—The stoichiometric reduction 
of 2 moles of DPN per mole of added t-histidinol was repeatedly demon- 
strated with partly purified enzyme and is illustrated in Fig. 4. This re- 
lation provided a convenient and sensitive assay method for t-histidinol, 
although its general usefulness has been limited by the presence, in the most 
purified enzyme preparations, of lactic dehydrogenase (and very probably 
other DPN-linked dehydrogenases). The method could therefore not be 
used in the presence of significant amounts of pyruvate. 
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Colorimetric assays of histidinol during the reduction of DPN confirmed 
the balanced disappearance of 1 mole of histidinol per 2 moles of DPN re- 
duced (Table IIT). ; 


TaBLeE II 


Michaelis Constants for DPN and Histidinol in Preparations of A. histidinolovorans 
and E. coli 


Enzyme source Km DPN Km histidinol “ 
Crude, A. histidinolovorans*............. 7.9 X* 1075 1.5 X 107-5 
Purified, A. histidinolovoranst.......... 8.5 X 1075 


* Assaved by dve reduction; specific activity 25. 

+ Fraction purified by ammonium sulfate precipitation followed by calcium phos- 
phate gel adsorption and elution. Assayed by dye reduction; specific activity 107. 

t Fraction punfied by ammonium sulfate precipitation following protamine 
treatment. Assaved by DPN reduction; specific activity 109. 

§ Assaved by dye reduction; specific activity 1. 


EQUIVALENTS DPNH , 


5 


EQUIVALENTS 
DPNH 


OPTICAL DENSITY, 
340 miu 


MINUTES 
Fic. 4. Reduction of DPN by purified enzyme. The incubation mixture con- 
tained 0.i ml. of enzyme, | um of DPN, and 50 uo of Tris buffer at pH 8.9, in a total 
volume of 1.0 ml. L-Histidinol (0.02 um) was added at each arrow. The ordinate 
values representing 2 and 4 equivalents of DPNH are adjusted for dilution caused 
by histidinol additions. 


With crude extracts of A. histidinolovorans no significant accumulation 
of histidine or of urocanic acid could be demonstrated by paper chromato- 
grams made from incubation mixtures which rapidly degrade t-histidinol. 
Specific assays (8) for histidase and urocanase in such extracts indicated 
high levels of activity for each and accounted for the failure to balance 
histidinol disappearance with histidine appearance. 

Attempts to remove histidase by selective inactivation or inhibition were 
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unsuccessful; the urocanase activity present in crude extracts, however, was 
largely or completely lost during the purification procedure described, 
Hence, it has been possible to demonstrate balances between histidinol dis. 


TaBLeE IT] 
Stoichiometry of Histidinol Disappearance and DPN Reduction 


The initial incubation mixture contained 0.2 ml. of partly purified A. histidinolo- 
vorans enzyme, 3 uM Of DPN, 1 uo of L-histidinol, and 40 um of pyrophosphate buffer 
(pH 8.9) in a final volume of 2 ml. Incubation was carried out at 25°. DPNH 
appearance was followed by the optical density at 340 my. Histidinol was deter. 
mined colorimetrically in heated aliquots at the beginning and end of incubation. 


Incubation time | DPNH Histidinol 
Ars. uM uM 
0 0.0 1.0 
1 0.65 0.68 
| +0.65 | —0.32 
TABLE IV 


Stoichiometry of Histidinol, Pyruvate, Histidine, and Urocanic Acid 


The incubation mixture contained 0.3 ml. of partly purified enzyme, 120 um of 
pyrophosphate buffer at pH 8.9, an estimated 20 um of sodium pyruvate, 1 um of 
DPN, 0.01 ml. of lactic dehydrogenase (approximately 1000 units per ml.), and 5 
uM of L-histidinol in a final volume of 3 ml. Aliquots taken at the beginning and 
end of incubation at 25° were heated for 2 minutes at 100°. Histidinol was estimated 
colorimetrically and pyruvate enzymatically. The final value for pyruvate is cor- 
rected for the disappearance of 0.3 um in a control incubation mixture identical 
except for the omission of histidinol. Urocanic acid was determined spectrophoto- 
metrically by the optical density at 277 my of the final time incubation mixture read 
against the zero time one in the reference cell, after diluting aliquots of each with 
. phosphate buffer at pH 7.4. Histidine was determined as urocanic acid formed by 
the action of histidase on aliquots of the incubation mixtures. 


Incubation time Histidinol Histidine Urocanic acid Pyruvate 
min. uM uM uM uM 
0 5.0 0 0 15.6 
105 2.7 | 1.1 1.3 10.5 


appearance and urocanic acid appearance, or in some instances, the sum of 
histidine and urocanic acid appearance. 

In Table IV data are shown for an incubation mixture coupling histidinol 
and lactic dehydrogenases, in which histidinol disappearance was matched 
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by the appearance of a stoichiometric sum of histidine and urocanic acid 
and by the disappearance of an equivalent of 2 moles of pyruvate. In 
other experiments with preparations containing excess endogenous histi- 
dase, urocanic acid appearance satisfactorily balanced the disappearance of 
histidinol or the appearance of DPNHI. 

Identification of the histidine or urocanie acid produced from histidinol 
was made by comparison withthe authentic compounds on paper chromato- 
grams (12), and by the absorption spectrum of urocanic acid (8), or, in the 
case of histidine accumulation, by the appearance of the typical urocanic 
acid spectrum after incubation with histidase. Fig. 5 presents spectra at 
several pH values for the enzymatic product of the incubation described in 
Table IV. 

Specificity of Enzyme—TPN proved incapable of giving a measurable rate 
of reaction with partly purified enzyme assayed either by dye reduction or 
by pyridine nucleotide reduction. Quantitative comparisons were made by 
incubating high concentrations of enzyme with 0.5 um of TPN and assaying 
the same preparation with 0.5 um of DPN. Since no reaction was observed 
with TPN under conditions which should have permitted detection of a 
rate 1/3500 that with DPN, for practical purposes the enzyme may be con- 
sidered DPN-specific. 

A high degree of specificity became apparent in testing possible substrates 
other than L-histidinol. The absence of appreciable amounts of ethanol 
dehydrogenase in crude extracts of A. histidinolovorans (Fig. 6) distin- 
guishes histidinol dehydrogenase from the widely distributed primary alco- 
hol dehydrogenases. 

The adaptive enzyme is not a general a-amino alcohol dehydrogenase. 
pt-Methioninol, L-phenylalaninol, serinol, pL-tryptophanol, L-tyrosinol, 
L-leucinol, and ethanolamine, tested at levels of 1 to 10 um with crude prep- 
arations of enzyme, all failed to give any reaction. 

Imidazoleacetol was similarly negative as a substrate for oxidation. 
Furthermore, no chromatographic evidence was obtained which suggested 
that crude enzyme preparations catalyzed the transamination of imidazole- 
acetol to L-histidinol in the presence of L-glutamic acid or L-glutamine. 

The optical specificity of the enzyme was tested with p-histidinol as 
substrate. 10 um of the p compound gave no reaction. 

None of the compounds tested showed any inhibitory influence on the 
oxidation of L-histidinol subsequently added to the test systems. 

Conversely, t-histidinol was shown not to be attacked at significant rates 
by purified yeast alcohol dehydrogenase,® liver aleohol dehydrogenase, or 
by crude wheat germ extract (28) containing an active ethanol dehydro- 
genase. 


* Kindly supplied by Dr. A. Kornberg. 
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Inhibitors—PCMB at a concentration of 2 * 10-° m failed to inhibit the 
crude enzyme but inhibited partly purified enzyme preparations approx. 
imately 50 per cent. The discrepancy is attributable to sulfhydryl! com. 
pounds present in crude bacterial extracts, since the activity of the purified 
enzyme can be protected, at 2 K 107° m PCMB, by the addition of 0.05 y 
thioglycolate. With purified enzyme assayed by DPN reduction, inhibi- 
tion by PCMB gives a typical association curve when per cent inhibition 
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Fig. 5 Fic. 6 
Fic. 5. Spectral identification of urocanic acid as an enzymatic product of L-histi- 
dinol oxidation. The incubation mixtures were those of Table IV. @, diluted ali- 
quot of incubation mixture at 105 minutes read against aliquot of zero time one in 
reference cell; O, solution of urocaniec acid read against buffer in reference cell. 
The aliquots were diluted with 0.1 M acetate, pH 4.6 (Curves A), 0.1 mM phosphate at 
pH 7.6 (Curves B), or5 N NaOH (Curves C). The uroecanic acid solutions were diluted 
to correspond approximately with estimated concentration in incubation aliquots. 
Fic. 6. Differentiation between alcohol dehydrogenase and histidinol dehydro- 
genase. The incubation mixture contained 0.1 ml. of crude extract of A. histidino- 
—lovorans and other components of the standard assay system (2,6-dichlorophenol- 
indophenol reduction) described in the text. 


is plotted against the logarithm of inhibitor concentration, the pIx for asso- 
ciation being 4.48. 

0.01 m borate inhibited the reaction approximately 90 per cent. Ethyl- 
enediaminetetraacetate at 0.03 M gave no inhibition at pH 8.9 and approx- 
imately 50 per cent inhibition at pH 7.5, in assays both by the reduction of 
DPN and 2,6-dichlorophenolindophenol. 

Experiments with ATP—Ames, Mitchell, and Mitchell (2) succeeded in 
isolating the phosphate esters of imidazoleglycerol and imidazoleacetol 
from the mycelia of histidineless Neurospora mutants, and recently Ames’ 


7 Ames, B. N., unpublished observations. 
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has obtained preliminary evidence for the occurrence in Neurospora of a 
phosphate ester of histidinol. It seemed desirable, therefore, to investigate 
the possible phosphorylation of histidinol in bacterial extracts, either as a 
required step in the oxidation of histidinol or as an incidental reaction. 
The following observations appear to preclude the obligatory participation 
of a phosphorylation mechanism in the conversion of histidinol to histidine 
by soluble preparations from A. histidinolovorans: The addition of 1 to 10 
ym each of ATP and MgCl, either to crude or partly purified enzyme failed 


TABLE V 
Stability of ATP during Enzymatic Oxidation of Histidinol 

Incubation Mixture A consisted of 10 um of ATP, 20 um of MgCl, 1 um of DPN, 
200 um of glycylglycine buffer at pH 8.2, and 0.8 ml. of bacterial extract (frozen cells 
of A. histidinolovorans were ground and extracted with water in place of phosphate 
buffer) in a final volume of 4.0 ml. Incubation Mixture B was identical except for 
the addition of 4.0 um of L-histidinol. Incubation was at 25°. Aliquots of each 
incubation mixture were heated for 2 minutes at 100° at the beginning and end 
of incubation. 


- 


% Incubation Mixture A Incubation Mixture B 
Incubation 

time 

ag ATP* ATPt ATP* ATPt Histidinolt Histidinol§ 
min. pM pM pM uM uM pM 

0 5.7 13.4 5.7 13.4 4.0 4.1 
75 4.8 12.5 4.4 12.8 1.4 1.2 
—0.9 —0.9 —1.3 —0.6 —2.6 —2.9 


* ATP assayed enzymatically. 

t ATP estimated as }(acid-labile phosphate). 
t Histidinol estimated colorimetrically. 

§ Histidinol assayed enzymatically. 


to stimulate the rate of dye reduction or of DPN reduction. In addition, 
simultaneous determinations of ATP and histidinol during the enzymatic 
degradation of the latter by crude enzyme showed no greater disappearance 
of ATP than in contro! incubation mixtures without histidimol (Table V). 
The relative stability of ATP in such incubation mixtures indicates also 
that little phosphorylation occurs even independently of histidinol oxida- 
tion. 

Mechanism of Reaction—Since the enzymatic oxidation of histidinol re- 
quires the simultaneous reduction of 2 moles of DPN, a two-step reaction 
may be inferred, and an intermediate oxidation product postulated, which 
could presumably be the a-amino aldehyde corresponding to histidine. At- 
tempts to demonstrate accumulation of an intermediate have so far been un- 
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successful. During the course of enzyme purification, no anomalies of rate 
or supraadditive stimulation on mixing separate fractions have thus far indi. 
cated any separation into two reactions. Since the enzyme has not been 
highly purified, however, these negative observations are not evidence 
against a two-step reaction scheme. 

Attempts were made to influence the rate or balance of DPN reduction 
by adding 0.1 mM semicarbazide as a carbonyl-trapping reagent; these con- 
ditions have nct modified the over-all reaction in either kinetics or stoich- 
iometry, nor has any indication of a new diazo-reactive material appeared 
on paper chromatograms from incubation mixtures. 

Reversibility of Reaction—Repeated efforts were made to detect reversal 
of histidinol oxidation by incubating high concentrations of L-histidine with 
large amounts of enzyme in the presence of DPN, glucose, and glucose de- 
hydrogenase. Paper chromatograms of aliquots taken at varying times 
were examined for histidinol or for unfamiliar diazo-reactive spots. From 
a typical experiment in which 120 uM of L-histidine were used it was esti- 
mated (by chromatographing known quantities of histidinol added to ali- 
quots of the incubation mixture) that not more than 0.2 uM of histidinol 
could have been formed in the total incubation mixture. 


Histidinol Dehydrogenase of E. coli and Yeast 


E. coli—Crude extracts of wild type E. coli contained relatively little 
enzyme, the specific activity, as assayed by reduction of 2 ,6-dichlorophenol- 
indophenol, never exceeding one-tenth the lowest value for crude extracts 
of histidinol-adapted A. histidinolovorans. In some instances, fresh E. coli 
extracts were inactive in the routine assay, although all degraded t-histidi- 
nol when the substrate was incubated with large amounts of extract for 
prolonged periods. The variability of assay results can perhaps be ex- 
plained by a significant rate of reoxidation of reduced dye, sufficient to 
mask the lowest levels of activity. 

In general characteristics the enzyme from EL. coli closely resembles the 
adaptive enzyme. pH optima (Fig. 3, A) and Michaelis constants for 
DPN and histidinol (Table II) are comparable for preparations from the 
two sources. As with the enzyme obtained from adapted cells, FL. colt ex- 
tracts gave no reaction with p-histidinol or with TPN, at the highest levels 
of enzyme practicable. 

Long term incubations of EF. coli extracts with L-histidinol served to es- 
tablish a clear requirement of the reaction for DPN in mutant strains as 
well as in the wild type. Treatment of crude extracts with charcoal (Norit 
A, Fisher) removed most of the activity for histidinol oxidation, and this 
could be restored by the addition of DPN (Table VI). 

The enzyme from E. coli afforded additional proof for the quantitative 
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conversion of L-histidinol to t-histidine. Since E. coli extracts contain 
little or no histidase,* stoichiometric accumulation of histidine was con- 
sistently observed (Table VI) and permitted a more direct demonstration 
of the reaction than with preparations from A. histidinolovorans. 


TABLE VI 
Utilization of L-Histidinol by Extracts of E. coli and Yeast 

M-18 and M-25 are E. coli mutants capable of equally good growth on t-histidine 
or L-histidinol; M-22 and M-29 are mutants capable of growth on L-histidine but not 
on L-histidinol. DPN was removed from extracts by rapid stirring with 20 mg. of 
Norit A (Fisher) per ml., followed by immediate removal of the suspension by 
centrifugation at 5°. Incubation mixtures contained 1 to 2 ml. of extract, and 150 
to 300 um of pyrophosphate buffer at pH 8.9 in a final volume of 2.5 to 5.0 ml. DPN 
was added in quantities of l to3 um. £. coli incubation mixtures were kept at 38°; 
yeast ones at 25°. Aliquots were heated for 2 minutes at 100° and coagulated protein 
was removed by centrifugation. Histidinol was determined enzymatically with a 
partly purified preparation of A. histidinolovorans. Histidine was determined as 
urocanic acid after treatment of aliquots with heated P. fluorescens extracts. All 
determinations were consistent with the semiquantitative estimation of histidinol 
and histidine on paper chromatograms. Initial amounts of added histidinol varied 
as follows in individual incubations: FE. coli wild type and M-18, 4 um; M-25, 5 um; 
M-22 and M-29, 2 um; yeast, 3 uM. 


A histidinol 
Source of extract Incubation time A histidine 
No DPN DPN 
hrs. uM pM 

E. coli, wild type............ 19 —0.6 
16 —4.0 +3.5 
24 —2.1* +2.0 


* Norit treatment was omitted before addition of DPN. 


In addition, it was possible to correlate the presence of the enzyme in 
extracts with the capacity of certain histidine-requiring mutants to grow 
equally well on L-histidinol. The histidineless mutants used® had been 
prepared by ultraviolet irradiation of the parent Waksman strain and se- 
lected for a histidine requirement by the penicillin technique (29). Two 


*Tabor, H., and Mehler, A. H., unpublished observations. 
* Prepared by Dr. H. Tabor and Dr. F. Woidich. 
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such mutants (M-18 and M-25) were able to satisfy their histidine require. 
ment with L-histidinol. Extracts of these cells degraded L-histidinol ag 
rapidly as wild type extracts and similarly required DPN for the reaction, 
as demonstrated by Norit treatment. Two other mutants (M-22 and 
M-29) were incapable of growth on L-histidinol, but grew well when the 
medium contained t-histidine. Extracts of these cells gave no reaction 
with t-histidinol in the presence of added DPN. Data for these experi- 
ments are shown in Table VI. 

Yeast—Dried brewers’ yeast!® was autolyzed by incubation for several 
hours at 38° in 3 volumes of 0.1 N NaHCO;. Clear supernatant solutions 
were obtained by centrifugation at 22,000 x g. Crude autolysate con- 
tained interfering materials which precluded detecting a reaction with 
histidinol by any of the methods employed. By collecting the fraction pre- 
cipitating at 0.65 saturation with ammonium sulfate and dialyzing this 
against phosphate buffer (0.04 m, pH 6.8), preparations were obtained which 
permitted an assay based on 2,6-dichlorophenolindophenol reduction, and 
which also degraded significant quantities of histidinol on prolonged incuba- 
tion (Table VI). The specific activity was comparable with those of crude 
extracts of EF. colt. 


DISCUSSION 


The demonstration of the quantitative conversion of t-histidinol to 1- 
histidine in cell-free preparations of several microorganisms provides direct 
evidence for this reaction, previously inferred from studies of intact cells 
(1, 2). That the isolated reaction truly represents a physiologically im- 
portant step in histidine biosynthesis is borne out by the observations 
described with extracts of histidine-requiring FE. colt mutants. Thus, no 
enzyme could be extracted from those mutants which were unable to sat- 
_ isfy their growth requirement for L-histidine with L-histidinol, whereas 
mutants capable of equally good growth on L-histidine or t-histidinol 
yielded extracts which actively catalyzed the synthesis of histidine from 
histidinol. 

Although more detailed studies were carried out only with the adaptive 
enzyme, its gross similarity to the enzyme of E. coli suggests that the nature 
of the reaction is the same in these and probably many other forms. The 
adaptive enzyme from Arthrobacter thus represents an additional instance 
in which a specific reaction, normally limited to restricted biosynthetic func- 
tions, may be enlarged to encompass the diverse energy and compositional 
requirements of the cell. Such adaptation seems understandable in terms 
of the close relationship of histidinol to histidine and the widely distributed 
degradative pathway which converts the latter compound to glutamic acid. 


10 Anheuser-Busch strain BSC, washed. 
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From the stoichiometry of the over-all reaction, it seems reasonable to 
postulate a two-step oxidation involving an intermediate compound; the 
most likely structure for the intermediate, purely by analogy, is that of the 
a-amino aldehyde, t-histidinal." The two individual reactions (Reac- 
tions 1 and 2) can be added to give the reaction observed (Reaction 3). 


(1) L-Histidinol + DPN+ — (u-histidinal) + DPNH + H+ 
(2) (u-Histidinal) + DPN*+ + H.O — 1-histidine + DPNH + H+ 
(3) L-Histidinol + 2DPN*+ + H,O — t-histidine + 2DPNH + 2H* 


The sensitivity of histidinol dehydrogenase to PCMB indicates participa- 
tion of an essential sulfhydryl group in one or both of the two postulated 
reactions composing the over-all oxidation of histidinol to histidine. The 
oxidation of both alcohol (30) and aldehyde (31) groups has been shown to 
require intact sulfhydryl groups in the enzymes concerned; in the latter 
case a model has been proposed for the participation of a thiol ester in the 
oxidation of triose phosphate (31). 

Data for the inhibition of histidinol dehydrogenase by PCMB are con- 
sistent with a sulfhydryl requirement in at least Reaction 1. If only Re- 
action 2 were inhibited, it might be anticipated that a slower rate of 
DPN reduction, corresponding to the first stage of oxidation, would per- 
sist with the maximally inhibited enzyme. This was not observed. Fur- 
thermore, selective inhibition of a second oxidative step by PCMB might 
permit the direct detection of an intermediate compound, or at least the 
disappearance of histidinol unmatched by histidine or urocanic acid appear- 
ance. Chromatograms made from incubations with PCMB-inhibited en- 
zyme have indicated neither unfamiliar diazo-reactive spots nor a disparity 
between histidinol disappearance and histidine or urocanic acid appearance. 


SUMMARY 


A newly described soil bacterium has been adapted to growth on t-his- 
tidinol and used as a source of enzyme catalyzing the quantitative conver- 
sion of L-histidinol to u-histidine. The enzyme has been purified 8- to 
14-fold and the reaction shown to be DPN-dependent and specific for L-his- 
tidinol. Within practical limit the reaction appears to be irreversible. 
The purified enzyme, with certain limitations, provides a sensitive and 
rapid assay method for t-histidinol. Cell-free preparations from L. coli and 
from dried yeast carry out the same reaction. The E£. coli enzyme closely 
resembles the adaptive enzyme in several respects, and its presence or ab- 
sence in a given histidine-requiring mutant correlates with the ability or 


" Attempts to synthesize this compound, as yet unknown, have been made by 
methods analogous to those used for the amino aldehydes corresponding to glycine 
and pL-alanine (32, 33). Preliminary results have been consistent with the synthesis 
of the compound in solution, but no identifiable product has thus far been isolated. 
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inability of the mutant to substitute L-histidinol for its histidine require. 
ment. 


Mr. E. F. Stohlman gave valuable assistance in the preparation of 1- 
histidinol dihydrochloride. 
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PURIFICATION AND PROPERTIES OF PHOSPHORIBO- 
ISOMERASE FROM ALFALFA* 


By BERNARD AXELROD anv ROSIE JANG 


(From the Western Utilization Research Branch, Agricultural Research Service, 
United States Department of Agriculture, Albany, California) 


(Received for publication, March 5, 1954) 


In the course of an investigation of the metabolism of ribose-5-phosphate 
(R-5-P),! carried out jointly by Bandurski and Greiner and ourselves (2), 
the products resulting from the action of a preparation of spinach leaf 
enzyme on the substrate were dephosphorylated and chromatographed. 
Spraying the chromatogram with the Klevstrand-Nordal spray (3) re- 
vealed, among other substances, a material which on short heating gave 
rise to an area fluorescing with a unique white-yellow color in ultraviolet 
light. 

On the basis of the discovery by Horecker et al. (4), that yeast con- 
tained a phosphopentose isomerase and that Ru-5-P was a product of the 
action of this enzyme, this unknown material was readily identified as 
ribulose. The evidence strongly suggested that a similar isomerase was 
present in the spinach leaf preparation. The present paper is concerned 
with the demonstration that such an enzyme does indeed occur in this 
preparation as well as in other plant mterials such as pea leaf, alfalfa, 
orange flavedo, avocado fruit, and leaf. The purification and properties 
of the enzyme from alfalfa are described and a simple assay procedure is 
presented. 


EXPERIMENTAL 


Materials and Methods—Ba R-5-P was prepared by the method of LePage 
and Umbreit (5) and had the chemica] composition of the dihydrate. It 
was stored at 3° owing to its tendency to be partially transformed at room 
temperature, even in the solid state, to a ribulose-containing compound. 
The presence of ribulose in the older preparations was detected by chro- 
matography of the enzymatically dephosphorylated product by the pro- 
cedure previously described (2) and by the Dische-Borenfreund colorimet- 
ric method (6). Inorganic phosphate was determined by Allen’s method 
(7). 


*A preliminary report of this work was presented at the Forty-fourth annual 
meeting of the American Society of Biological Chemists at Chicago, April, 1953 (1). 

' The following abbreviations are used throughout: p-ribose-5-phosphate, R-5-P; 
b-ribulose-5-phosphate, Ru-5-P; tris(hydroxymethyl)aminomethane, Tris. 
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Enzyme Assay-—The assay was conducted by allowing 0.1 ml. of a suit- 
able dilution of the enzyme, containing 0.2 to 0.6 unit, to act for 10 minutes 
at 37° upon 0.5 mg. of Ba R-5-P in 0.1 m Tris buffer, pH 7.0. At the end 
of this time the ribulose phosphate was determined by the addition of 6 
ml. of H.SO, (225 ml. of concentrated acid + 95 ml. of H2O), followed by 
0.2 ml. of 1.5 per cent cysteine hydrochloride and 0.2 ml. of 0.12 per cent 
alcoholic carbazole. The additions should be completed in 40 seconds, 
The color which developed after 30 minutes at 37° was promptly measured 
in an Evelyn colorimeter, fitted with a 540 mu filter. This ribulose deter- 
mination is an adaptation of the method of Dische and Borenfreund (6), 
A tube from which the enzyme was withheld until after the addition of the 
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Enzyme Units 


Fic. 1. Enzyme assay curve. Alfalfa isomerase similar to that obtained in Step 
5 (Table I) was used. Similar curves can be obtained with crude enzyme (Step 1) or 
highly purified enzyme (Step 7). 


H.SO, reagent served as the control. In actual practice the enzyme had 
no appreciable effect on the blank, the chief contribution coming from the 
substrate. An activity unit curve (Fig. 1) was constructed by plotting the 
increase in optical density against known aliquots of a given enzyme prepa- 
ration. The unit was chosen to be 10 times that amount of enzyme which 
catalyzes the formation of 0.1 um of Ru-5-P under standard assay condi- 
tions. The relationship between the quantity of enzyme and the standard 
unit was established from the initial portion of the curve. Pure Ru-5-P 
was not available as a standard. However, the color density was readily 
related to the concentration of the Ru-5-P by measuring the color produced 
by a reaction mixture which had gone to equilibrium, since the equilib- 
rium ratio of Ru-5-P to R-5-P was known (0.323 at 37°). 

The presence of any other enzymes such as phosphatase or transketolase 
which could attack R-5-P would, of course, interfere in this method. In 
the case of the several plant sources investigated (alfalfa, orange flavedo, 


ay 
el 
S 


Suit- 
nutes 
e end 
| of 6 
ad by 
cent 
onds, 
sured 
leter- 
1 (6). 
of the 


B. AXELROD AND R. JANG 


PORTER LIBRARY 


849 


avocado leaf and fruit, and spinach leaf) the isomerase activity was high 
enough to render interference from these preparations negligible. 


[ 


Purification of Phosphoriboisomerase 


Step 
No. 


l 


2 


| 


Volume 


Activity 


Units per 


mg. protein 
N 


Recovery 


Alfalfa press juice; heat 1 min. to 
60-63°, cool, filter 

Heated filtrate; make 0.7 saturated 
with solid (NH,)2SO,; centrifuge; 


suspend ppt. in 300 ml. H2O; dialyze 
15 hrs. vs. running tap H.O 

Dialysate, 0.7 saturated; make 0.35 sat- 
urated with solid (NH,4)2SO,; centri- 
fuge; adjust supernatant to 0.55 sat- 
urated, centrifuge, dissolve gummy 
ppt. in H,O 

Fraction, 0.35-0.55; add 2 N H.2SO, to 
pH 4.5, centrifuge, discard ppt.; ad- 
just pH of supernatant to pH 5.0 
with 2 N NaOH; make 0.35 saturated 
with (NH,)2SO, and centrifuge; dis- 
solve ppt. in H,0 

Ppt., 0.35; make 0.30 saturated with 
solid (NH,)2SO,; centrifuge, discard 
supernatant; dissolve ppt. in 150 ml. 
H,0; adjust to pH 7.0; fractionate 
between 0.40 and 0.50 saturation with 
saturated (NH,)2SO, solution, pH 
7.0; dissolve ppt. in about 15 ml. H20; 
dialyze 4 hrs. against running tap 
H.0, then 15 hrs. against 300 vols. 
distilled H.O 

Fraction, 0.40—-0.50, dialyzed; make 0.6 
saturated with solid (NH,)2SQ,; fil- 
ter suspension through column (2.5 
X 3.6 cm.) of Celite previously wet- 
ted with 0.6 saturated (NH,)2S0,; 
elute with 0.3 saturated (NH,)2SO, 
and collect eluates in 1 ml. fractions 

Eluate, Fraction 16 


7100 


920 


150 


— 


units 


47 X 10° 


31 X 105 


28 X 10° 


26 X 10° 


13 X 10° 


4.7 X 105 


1.31 X 10° 


6,600 


12,000 


16,900 


34,500 


145,000 


per cent 


100 


67 


59 


57 


10 


2.8 


Purification of Enzyme—The method of purification and the results ob- 


tained are summarized in Table I. 


Although the juice used in this ex- 


periment had been stored for 4 years at —20°, essentially similar results 
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were obtained with fresh press juice. In Step 1 care was taken to avoid} or 
overheating. The heating was carried out on 2 liter batches or less, ing} ¢a 
stainless steel beaker fitted with a good stirrer, and was performed as kapidly J _ pt 
as possible on a gas plate. pl 
Essentially all the activity from Step 6 was recovered in the elution F hy 
Fraction 16, described in Step 7, had the highest specific activity of any 
obtained, having a turnover number of 240,000 (moles of Ru-5-P per 10°F pr 
gm. of protein per minute). pk 
ou 
> 
‘= ° rs) 
= a 
O 
50} 4 @ 
Ri 
5 7 2 4 6 3-2 
oH pH Gl 
Fig. 2 Fig. 3 Ad 
Ad 


Fig. 2. Effect of pH on enzyme activity. The conditions differed from those Ph 
in the standard assay in that Ba-free R-5-P was used as substrate and Tris buffer Ri 
omitted. The pH of the substrate was adjusted with 2 N NaOH or 2 N HCl. En- 5] 
zyme similar to product of Step 1 (Table I) was used. 

Fig. 3. Stability of enzyme as a function of pH. Enzyme similar to product of | 
Step 1 (Table I) was adjusted to the desired pH value with 0.3 N HClor0.1N NaOH | ,, 
and stored at 25° for 2.5 hours. Solutions adjusted to pH 7.0, diluted, and assayed. 


Results 


pH Optimum and Stability of Enzyme—The pH optimum for the enzy- | th: 
matic reaction was 7.0 (Fig. 2). The stability of solutions of partially | ley 
purified enzyme on standing at 25° for 2.5 hours is shown as a function of | me 
the pH in Fig. 3. Although the enzyme appeared to be fairly stable at | by 
intermediate pH values when partially pure or in concentrated solution, | th 
it was unstable when purified in the dilutions used in assays. Dilution in | pr 
0.1 m Tris, pH 7.0, afforded some protection, and dilutions for assay were } 
always made with this buffer just before use. dic 

Specificity—Glucose-6-phosphate, D-arabinose-5-phosphate, ribose-3- | tio 
phosphate, pL-glyceraldehyde phosphate, dihydroxyacetone phosphate, and | 85 
ribose were not isomerized by the enzyme. In all cases the enzyme con- | R- 
centration exceeded that normally used in the standard assay 50 times. | (2) 
Action on glucose-6-phosphate was tested by fructose determination (8), | the 
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on arabinose-5-phosphate and ribose-3-phosphate by the H2SO,-cysteine- 
carbazole test, on glyceraldehyde phosphate by measuring alkali-labile 
phosphate before and after I, treatment, and on dihydroxyacetone phos- 
phate by the use of thrice crystallized rabbit muscle triosephosphate de- 
hydrogenase (9) and diphosphopyridine nucleotide. 

Although the original] alfalfa juice behaved like the spinach preparation 
previously described (2) in that it transformed R-5-P to heptulose phos- 
phate and triose phosphate, the purified isomerase from alfalfa was with- 
out such action. 

Inhibitors—A number of possible inhibitors were tested, the results of 
which appear in Table IT. Of particular note was the strong inhibition by 


II 
Compound Concentration Inhibition 
se M per cent 
5-Phosphoribonie acid................ 0.000013 50 


Test conditions as in the standard assay procedure, except that Ba-free R-5-P 
was used. 


5-phosphoribonic acid. The concentration of inhibitor at which 50 per 
cent inhibition occurred, 1.3 XK 10-* M, was approximately 5 per cent of 
that of the initial substrate concentration. However, phosphoribonic acid 
levels as high as 1.9 X 10°? m did not affect the growth of Leuconostoc 
mesenteroides or Lactobacillus arabinosus in the glucose medium described 
by Lewis et al. (10). The conversion of R-5-P to heptulose phosphate by 
the spinach enzyme mixture, described previously, was retarded by the 
presence of phosphoribonic acid (Table ITI). 

Ethylenediaminetetraacetic acid in a concentration of 0.04 m, pH 8.5, 
did not affect the activity of the isomerase. This is of interest in connec- 
tion with the earlier observation that under these conditions there was an 
85 per cent decrease in the rate of heptulose phosphate synthesis from 
R-5-P by the heptulose-forming enzyme mixture obtained from spinach 
(2). The action of this compound in inhibiting heptulose formation must 
therefore have been on an enzyme other than isomerase. On the basis of 
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the observations of Horecker and Smyrniotis (11) and Racker et al. (12) 
it is probable that the Mg**-requiring ketolase is affected. 

Equilibrium of Isomerization Reaction—The equilibrium concentration 
of Ru-5-P was determined by measuring the rate of hydrolysis of the 
equilibrium mixture in N HCl at 100°. If it is assumed that R-5-P and 
Ru-5-P do not influence the rate of acid hydrolysis of one another, then 
the amount of PO, liberated in acid hydrolysis is given by the equation 


T-—(A 
TaBLeE III 
Inhibition of Heptulose Formation by Phosphoribonic Acid 
Heptulose formed 
Time 
Without phosphoribonic acid* With phosphoribonic acidt 
min. Y 7 
5 8.4 2.2 
30 65.2 29.9 
60 104.8 24.7 


Temperature, 37°. At the designated times, 0.5 ml. aliquots of reaction mixture © 
were transferred to 1.5 ml. of 5 per cent trichloroacetic acid. The heptulose con- | 


tent was determined (2) on 1.0 ml. of the supernatant fluid obtained from centri- 
fugation. 

* The reaction mixture contained 2.5 um of R-5-P in 1.3 ml. of H2O, 0.4 ml. of 0.15 
m Tris, pH 7.5, and 0.5 ml. of enzyme extract (1 gm. of spinach acetone powder (2) 
extracted with 20 ml. of cold distilled H,O). 

{t Same as above, but with the addition of 26 um of phosphoribonic acid. 


where U is the amount of phosphate derived from the Ru-5-P in the equi- 
librium mixture, 7’ the amount of phosphate liberated on hydrolysis, A 
the amount of esterified phosphate present before hydrolysis, and f; the 
fraction of R-5-P hydrolyzed at time, ¢. The time of hydrolysis should 
be long enough for virtually complete hydrolysis of Ru-5-P, which is more 
labile than R-5-P. Although this condition appeared to be attained in 
30 minutes, the minimal time of hydrolysis was taken as 60 minutes. The 
results of such an experiment (Table IV) show that Ru-5-P comprises 24.4 
per cent of the pentose phosphate. The determination of the equilibrium 
constant was also made on the basis of the ribulose content of the reaction 


mixture. In this case 1 ml. of a solution of 1 mg. of Ba R-5-P-2H,0 was © 
adjusted to pH 7.0 and treated with 6 units of isomerase. 1 ml. of 5 per | 


cent trichloroacetic acid was added to inactivate the isomerase. After 15 _ 


minutes the solution was neutralized with 0.25 n NaOH, and 0.4 ml. of a | 
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prostatic phosphatase preparation was introduced. The reaction mixture 
was incubated at 37° for 30 minutes, diluted to 19 ml. with 5 per cent 


\tration | trichloroacetic acid, and analyzed for ribulose. It was established by 
of the} preliminary tests that sufficient phosphatase was present to hydrolyze the 
)-P and | pentose phosphates completely. Chromatographic analysis of the product 
r, then | revealed only ribose and ribulose. Ribulose was determined essentially 
uation | asin the assay; a 15 minute period was allowed for color development at 
room temperature, as suggested by Cohen (13). Ribulose o-nitrophenyl- 
hydrazone, prepared according to the method of Glatthaar and Reich- 
stein (14), was a satisfactory standard when used directly. This is an 
TABLE IV 
Per Cent Conversion of Ribose-5-phosphate to Ribulose-5-phosphate at Equilibrium 
ae min Y Y per cent 
60 70.0 0.198 43.2 24.1 
92 85.6 0.318 41.9 23.4 
120 97.2 0.397 43.4 24.2 
150 108.0 0.466 46.1 25.8 
se con- 
centri- The reaction mixture which contained approximately 8 mm of Ba-free R-5-P in 
13 ml. of Tris buffer, 0.075 m, pH 7.0, was treated with 0.04 ml. of alfalfa isomerase 
of 0.15 (400 units) for 1 hour at 37°. 2 ml. aliquots were mixed with 2 ml. of 2 N HCl and 
der (2) | heated in stoppered containers in a boiling water bath for the times indicated, neu- 
tralized with 2 N NaOH, and analyzed for POQ,. The results refer to 1 ml. of the 
original reaction mixture. Prior to acid hydrolysis the equilibrium mixture con- 
tained 179 y of esterified P per ml. For the determination of (f) the same procedure 
 equi- was followed except that the enzyme was omitted. 
sis, A extension of Mand] and Neuberg’s (15) observation that the hydrazone 
fs the derivatives of carbohydrates behave as the free sugar in the various colori- 
hould metric tests. The chromogenic value of the hydrazone was the same as 
more that of the ribulose liberated from the derivative with benzaldehyde. It 
ed in is essential to dissolve the very sparingly water-soluble hydrazone without 
The recourse to heating to avoid partial loss of its chromogenic value. The 
: 244 reaction mixture containing initially 374 y of esterified ribose formed 100.5 y 
re _ of ribulose, indicating 26.8 per cent conversion of the substrate to Ru-5-P. 


) was 
per 
er 


. of a modified by Jansen and MacDonnell (16), was unsuccessful, owing to the 


Horecker e¢ al. (4) obtained a value of 20 to 30 per cent using their yeast 
preparation at 25°. 

An attempt to determine the equilibrium constant by measuring the 
decrease in aldose by the Willstatter-Schudel alkaline NaOI procedure, as 
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fact that Ru-5-P reacted with the reagent, consuming 2 equivalents per 
mole, exactly as did R-5-P. The anomalous oxidation of a ketose in this 
test may have been due to the alkali-induced transformation of the Ru-5-P 
to a susceptible compound. That a transformation could occur in alkalj 
was apparent from the observation that treatment of the enzyme reaction 
product with dilute alkali produced a material with maximal ultraviolet 
absorption at 310 mu (Fig. 4). Cohen has observed the instability of 
free ribulose at pH 8.3 (13). 
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Fig. 4. Effect of NazCO; on Ru-5-P. R-5-P (19 um) as the K salt was treated with 
3.2 units of enzyme (similar to product of Step 5, Table I) for 30 minutes at 37°, pH 
7.0, in a total volume of 4.4 ml. After the addition of 4.4 ml. of 0.2 m Na2COs, the 
absorption spectra of the solution were determined in a recording spectrophotome- 
ter in al.0 cm. cell, with an approximate scanning time of 40 seconds for the wave- 
length interval shown. The times on the curves represent the time elapsed after 
the addition of the NasCO;. The control was obtained by introducing the enzyme 
- after the addition of the NazCO;. Its spectrum was determined at 45 minutes. 


Effect of Temperature on Equilibrium—The equilibrium constants for 
the reaction R-5-P <5 Ru-5-P at 37°, 25.5°, and 0° were found to be 0.323, 
0.264, and 0.164, respectively. On the basis of these values the AH of 
the reaction was computed to be —3060 calories per mole. The AF° of 
the reaction at 37° was calculated as +700 calories, leading to an entropy 
change at this temperature of —12.1 entropy units per mole. This fairly 
large change in entropy in what appears to be a simple shift of aldehyde to 
ketone may have its explanation in the fact that, while R-5-P can exist 
in the furanose form, Ru-5-P cannot form a ring. 


The authors are indebted to Dr. A. E. Mirsky of The Rockefeller In- 
stitute for Medical Research for his kindness in furnishing a sample of 
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arabinose phosphate from the P. A. Levene collection, and to the following 
persons at the Western Utilization Research Branch: Miss Neva 8S. Snell 
for performing the microbiological tests, Mr. Glen F. Bailey for deter- 
mining the absorption spectra of the carbonate-treated pentose phosphates, 
and Mr. E. Bickoff for the alfalfa press juice. 


SUMMARY 


1. An enzyme which catalyzes the isomerization between ribose-5-phos- 
phate and ribulose-5-phosphate has been demonstrated in some higher 


plants. 

2. A simple assay for this enzyme is described. 

3. A purified preparation of this enzyme has been obtained from alfalfa 
juice with a turnover number of 240,000 (moles of ribulose-5-phosphate 
formed per 100,000 gm. of protein per minute). 

4. The alfalfa enzyme is without action on pD-arabinose-5-phosphate, 
p-ribose-3-phosphate, p-glucose-6-phosphate, triose phosphate, and ribose. 

5. The enzyme is strongly inhibited by 5-phosphoribonic acid. 

6. The standard free energy change for the reaction 


Ribose-5-phosphate = ribulose-5-phosphate 


is +700 calories per mole at 37°, pH 7. Lowering the temperature shifts 
the equilibrium to the left. The AH for the reaction is —3060 calories 
per mole, and the entropy change per degree at 37° is —12.1 calories per 
mole. 
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ON THE OCCURRENCE OF BERYLLIUM, BORON, COBALT, 
AND MERCURY IN HUMAN TISSUES* 


By R. M. FORBES, A. R. COOPER, ann H. H. MITCHELL 


(From the Division of Animal Nutrition, University of Illinois, Urbana, and the 
Department of Anatomy, University of Illinois, Chicago, Illinois) 


(Received for publication, February 10, 1954) 


Many studies of enzyme systems have demonstrated that the so called 
essential minerals are by no means the only ones possessing biological ac- 
tivity (1). The toxicity of some mineral elements has been shown to be at 
least in part due to the inactivation of enzymes. Recently a “toxic” 
element, molybdenum, has been shown to be a constituent of xanthine 
oxidase in liver tissue (2) and hence required for formation of this enzyme. 
The possibility that mineral elements not at present recognized as biological 
essentials may be so recognized at a future time makes useful to the nutri- 
tionist and biochemist a knowledge of their quantitative occurrence in 
biological materials. An accurate knowledge of the occurrence in tissues 
of elements with a large capture cross-sectional area is useful, since by it 
estimates of the amount of neutron-induced y-ray emission of tissues may 
be made (3). A further point of interest in the concentration of minerals 
in various organs is the effect that may be brought about by use of radio- 
active forms of the elements (4). This has already found practical appli- 
cation in clinical and experimental medicine. Finally, it is conceivable 
that the continuous ingestion of infinitesimal amounts of these metallic 
elements present in natural foods, leading to their very gradual accumula- 
tion in the tissues, may contribute to the processes of senescence in propor- 
tion to the degree with which they are combined with tissue proteins (apo- 
enzymes) and the extent to which they inhibit or distort enzyme action in 
such combinations. 

The minerals to be reported upon here are among those for which meth- 
ods of analysis were available or could be adapted to our needs. 


Review of Literature 


Occurrence and Biochemical Effects of Beryllium in Animal Tissues 


Beryllium is reported to be concentrated in the skeletal system of ani- 
mals (5, 6), but unless there is a definite and unusual exposure detectable 
amounts are not reported to be present (7-11). Beryllium is poorly ab- 

*The data reported in this paper were secured in the course of an investigation 


sponsored by the Atomic Energy Commission, contract No. AT(11-1)67, project 7, 
with the University of Illinois. 
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sorbed from the intestinal tract (12, 13). Injection of soluble beryllium 


salts is followed by initial deposition in the liver and kidneys and rapid | 


transfer to bone, where the beryllium is retained tenaciously. Less soluble 
salts are more gradually transferred to bone (12-14). 

The biochemical effects of beryllium have been investigated intensively 
in recent years as a result of recognition of this element as an industrial 


hazard (15, 16). Beryllium is a sensitive inhibitor of alkaline phosphatase | 


of many tissues (17-19). Other effects ascribed to this element are de- 
crease of arginase and potassium levels in liver (20), activation of human 
serum inhibitor of hyaluronidase (21), and production of macrocytic ane- 
mia (22). 


Occurrence and Biochemical Effects of Boron in Animal Tissues 


Boron is a common element in animal tissues (10, 23, 24, 3). Young 
rats fed a diet low in boron may contain 1.2 parts per million (dry basis) 
(25). Alexander et al. (3) reported an average of 61 p.p.m. in the ash of 
bone from thirty-three humans. Ingested boron is readily absorbed and 
quickly excreted, mainly in the urine (26, 27). 

Studies into the possible beneficial effect of boron in animal diets (23, 
25, 28-31) have not satisfactorily revealed any advantage in its presence 
in the diet. No evidence is available suggesting that boron is an essential 
component of the diet. 

Boron, as boric acid, is widely used as a mild antiseptic, but is occasion- 
ally misused with tragic results (27, 32). The mechanism of the toxic 
effects of boron is unknown, although the element is known to form com- 
plexes with many organic compounds containing a pair of c7s-hydroxy car- 
bons (33). Absorption of boric acid through intact skin is very rapid ac- 
cording to Kahlenberg and Barwasser (34), but is not detectable according 
to Pfeiffer et al. (27). Through open wounds, burns, or otherwise inflamed 
skin, absorption of lethal amounts is possible (27, 32). 


Occurrence and Biochemical Effects of Cobalt in Animal Tissues 


With the advent of radiocobalt as a research tool, extensive investiga- 
tions into the distribution of this element in animal tissues have been made 
(35-39). Chemical and spectrographic analyses of natural cobalt concen- 
tration in animal tissues have not been made extensively because of limi- 
tations of the methods and the low concentrations of cobalt present. 
Spectrographic (10, 40) methods applied to beef muscle and to blood serum 
gave concordant results ranging between 0.002 and 0.010 p.p.m. in both 
types of tissue. Low cobalt levels in sheep tissues have shown excellent 
correlation with visible symptoms of cobalt deficiency (41-43). 

Marston has capably reviewed the literature up to 1951 on the functions 
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and biochemical relationships of cobalt (44). The beneficial réle of cobalt 
as a constituent of vitamin By. needs no further treatment here. It should 
be pointed out that the signs of cobalt toxicity are due to direct action of 
cobalt ions (45). <A variety of reducing agents (45-49) may prevent a co- 
balt-induced polycythemia. Effects of cobalt ions on a variety of enzyme 
systems have been studied (21, 50-53), but no single mechanism has been 
found to explain all the observed cobalt-enzyme relationships. Inhibition 
by cobalt of some sulfhydryl-dependent enzyme systems is ascribed to an 
affinity of cobalt for the sulfhydryl group (44). 


Occurrence and Biochemical Effects of Mercury in Animal Tissues 


Studies of the distribution of mercury in human tissues (54-57) indicate 
its presence in small amounts in all tissues, with greatest concentration in 
kidney, hypophysis, and olfactory lobe of the brain. The kidney seems 
to play a central réle in mercurialism, since most of the mercury taken into 
the body leaves by way of the kidney (58, 59), whose structure is greatly 
damaged in acute poisoning (60-62). 

Enzymes inhibited by mercury include invertase (63), succinic dehydro- 
genase, and cytochrome oxidase (64). BAL, cysteine, or glutathione are 
somewhat effective in blocking these inhibitions (65). 


Materials and Methods 


The description of the cadaver, its dissection, and the preliminary treat- 
ment of tissues upon which the analyses to be reported in this paper were 
made has been described in an earlier paper (66). The subject was a white 
male 46 years of age, 53.8 kilos in weight, and 168.5 cm. tall. Death was 
due to a skull fracture as a result of a fall. His appearance was that of a 
moderately thin man in good physical condition. The preparation of sam- 
ples for trace mineral analysis varied with the mineral in question and will 
be described under each procedure. 

Beryllium—At this laboratory the fluorometric procedure of Laitinen 
and Kivalo (67) was employed. 25 gm. of tissue, or up to 500 ml. of urine, 
were initially wet-ashed with sulfuric and nitric acids and finally dry-ashed 
at 600°. Beryllium was also determined by the Kettering Laboratory, 
College of Medicine, University of Cincinnati, through the courtesy of Dr. 
D. M. Hubbard, employing the spectrographic technique of Cholak and 
Hubbard (68). 

Boron—The 1,1’-dianthrimide method of Ellis, Zook, and Baudish (69) 
was employed with minor modifications in preparation of the samples. 
Soft tissues were dried at low temperature on a sand bath after admixture 
of 100 mg. of Ca(OH)» per 25 gm. of fresh tissue. The dried sample was 
then ashed at 500°. The ash was taken up in 10 ml. of concentrated 


es | 

stiga- 

made | 

meen- 

limi- | 

sent. | 

serum 


860 TRACE ELEMENTS IN HUMAN BODY 


H-.SOx,, by means of heat if necessary. If this solution was colored, indj- 
cating incomplete ashing, further oxidation was accomplished by using | 
ml. portions of H.O- (30 per cent) and heat. 2 ml. aliquots of this solution 
were used for color development without further addition of calcium by. 
droxide. Preparation of bone samples was accomplished by dissolving the 
bone in 1:4 HCl and evaporation of aliquots, followed by ashing as for the 
soft tissues. 


TABLE I 
Trace Mineral Elements Found, Expressed As P.p.m. of Fresh Tissue 
Beryllium | 
Weight Boron Cobalt Mercury 
Fluorometric | Spectrographic 
gm. 

3,372 0.119 | 0.050 | 0.003 
9,223 | <0.0004* | <0.00016* 0.900 | 0.038 
Muscle, striated......... 20 , 857 <0.00006* | 0.071 0.006 | 0.020 
Nervous system......... 1,570 0.106 0.011 | 0.047 
1, 225 0.001 0.00021 | 0.114 | 0.056 | 0.005 
271 <0.0004* 0.044 | 0.032 | 0.052 
1,734 | <0.0004* 0.00038 | 0.067 | 0.018 | 0.017 
270 0.00042 | 0.248 
Gastrointestinal tract... 975 | <0.0004* 0.078 | 0.008 | 0.008 
Adipose tissue........... 5,963 | <0.0004* 0.074 | 0.008 | 0.008 


* Limit of sensitivity; none found. 


Cobalt—The o-nitrosocresol method of Gregory, Morris, and Ellis (70) 
was used. Analysis of bone samples required preliminary separation of 
calcium to facilitate extraction of cobalt by dithizone. This was done by 
the method of Klemperer and Martin (8). 

Mercury—The method of Klein (71) was employed with modifications 
necessitated for complete oxidation of the sample. Instead of refluxing the 
H.SO,: HNO; solution of tissue for a lengthy period, the system was washed 
down as soon as all but the fat was in solution. The fat was solidified by 
use of a dry ice-ethylene trichloride mixture and was removed by filtration 
through glass wool. After concentration of the filtrate, oxidation was com- 
pleted by dropwise additions of H.Os. Further heating to decompose all 
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traces of excess peroxide (determined by ethyl ether-K.Cr.0; test) was 
necessary, since this substance readily oxidizes dithizone. Following this, 
the regular Klein procedure was used. 

Other Analyses—A qualitative spectrographic search was made for beryl- 
lium, cobalt, gallium, strontium, uranium, and zirconium in the ash of 
bone, muscle, and liver by the method of Harvey (72), by use of a Littrow 


spectrograph. 
Results 


Recovery of elements under investigation was studied by adding known 
amounts to tissue samples weighed for analysis. The average recovery for 
each element was as follows: beryllium 70 per cent (0.1 y added), boron 82 
per cent (4.0 y added), cobalt 91 per cent (1.0 y added), and mercury 83 
per cent (1.0 to 4.0 y added). 

The results of chemical analyses applied to human tissues from one 
cadaver are summarized in Table I. 

The qualitative spectrographic analyses did not reveal the presence of 
the elements sought, indicating that, if present, beryllium, gallium, and 
strontium are in concentration of less than 1 p.p.m. in the ash, zirconium 
and cobalt less than 10 p.p.m., and uranium less than 0.1 per cent. Flame 
photometry failed to reveal strontium, indicating that, if present, its con- 
centration was less than 0.1 p.p.m. in the ash. 

Urine specimens were obtained from four male laboratory workers and 
were analyzed for beryllium by the fluorometric procedure, but no beryl- 
lium was found. 


DISCUSSION 


The general agreement obtained between the spectrographic and the 
fluorometric procedures indicates that the amount of beryllium present in 
the tissues analyzed is indeed small; 7.e., 0.00038 p.p.m. in the lungs. 
Earlier studies (5, 12-14) have shown that beryllium accumulates pref- 
erentially in the skeleton when administered to animals. They have also 
shown that beryllium salts may first be deposited in liver and kidney and 
then transferred to bone, the rapidity of transfer being directly related to 
solubility of the beryllium salt administered. The beryllium deposited in 
the bone is lost therefrom only very slowly. The presence of beryllium in 
lung tissue of this specimen suggests that inhalation of beryllium was re- 
sponsible to an important extent for its occurrence in tissues in detectable 
concentrations. The absence of detectable amounts of beryllium in the 


skeleton in spite of its presence in lungs, kidneys, and liver indicates that 
the exposure to beryllium was comparatively recent and was an exposure 
toa relatively insoluble compound. The beryllium content of tissues from 
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another cadaver was determined at the Kettering Laboratory by spectro. 
graphic means with results in agreement with those reported here, except 
that no beryllium was present in the kidneys and the concentration of 
beryllium in liver and lung tissue was about half of that shown in Table 
I. Further analytical data on this second specimen will be forthcoming, 

Since the boron content of the skeleton was much lower than that in the 
spectrographic results reported by Alexander et al. (3), particular attention 


was paid to determining the recovery of boron added to samples of skeleton | 


prior to initial treatment with HCl. The results indicated a negligible 
loss during the analytical procedure. One sample of human skull ash was 
kindly given us by Dr. Alexander, who estimated that it contained 80 
p.p.m. of boron. Our analysis by the method of Ellis et al. yielded 12 
p.p.m., with recoveries of 105 and 97 per cent when 6 and 14 p.p.m. of 
boron were added. The source of this discrepancy has not yet been dis- 
covered. Aside from the skeleton, which contained 0.900 p.p.m., the high- 
est concentration of boron was found in the kidneys; 7.e., 0.248 p.p.m. of 
fresh tissue. This is significant in view of histologically observable damage 
to kidney glomeruli and tubules in acutely boron-poisoned rats, mice, and 
dogs. The level of boron in muscle tissue (0.07 p.p.m.) is similar to that 
found in beef muscle (0.05 p.p.m.) by Mitteldorf and Landon (10). 

As shown in Table I, the greatest concentration of cobalt is in the liver 
(0.056 p.p.m.), although, surprisingly, the skin showed essentially the same 
concentration. ‘The low value for muscle (0.006 p.p.m.) is in general con- 
formity with the spectrographic results of Mitteldorf and Landon, who 
found 0.002 p.p.m. in beef muscle. 

The data on mercury indicate, in agreement with Stock (55), that ner- 
vous tissue contains a relatively high concentration of this element, 1.¢. 
0.047 p.p.m., of the same order of magnitude as the concentration in heart 
muscle, 0.052 p.p.m. 

Interesting comparisons may be made between the amounts of the ele- 
ments found in this specimen with concentrations known to be toxic in 
tissues. Hyslop et al. (12) reported that feeding 3.51 per cent BeSQ, in 
the diet of rats for 18 weeks resulted in depression of growth. Analysis of 
tissues from these animals showed the following concentration of beryllium 
in parts per million of fresh tissue: liver 1.6, lung 0.4, kidney 2.2, and bone 
14.7. Cochran et al. (18) reported that 50 per cent inhibition of alkaline 
phosphatase of rat serum was attained in vitro at a concentration of 0.018 
p.p.m., whereas 12 p.p.m. were required for 50 per cent inhibition of alka- 
line phosphatase of rat adrenal cortex. 

In acute boron toxicity of a baby, a concentration of boron to the extent 
of 200 to 400 p.p.m. of soft tissue may be found (32). Dogs given an LD» 
dose of boric acid (2.0 gm. per kilo) may have a boron concentration of 
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185, 152, and 43 p.p.m. in brain, liver, and body fat, respectively. The 
earcasses of rats fed for 21 days a diet containing boron at a level of 1000 
p.p.m. are reported to contain boron at a level of 38 p.p.m. of dry weight 
(25). This is similar to a figure of 8 p.p.m. of fresh weight obtained on 
rats under similar conditions in this laboratory! in which inhibition of 
growth was noted after 26 days. 

In rats exhibiting polycythemia the following cobalt concentrations in 
parts per million of fresh tissue have been reported (37): liver 1.2, kidney 
1.3, lung 0.2, red blood cells 0.4, spleen 0.8, and bone marrow 1.7. This 
effect was obtained after feeding cobalt at about 8 to 10 p.p.m. of diet for 
105 days. 

In chronic mercurialism, concentrations of mercury up to 28 p.p.m. of 
fresh tissue have been reported, and the view is expressed that any values 
in excess of 0.50 p.p.m. are probably pathological (73). 

These data from toxicity studies indicate that known hazardous concen- 
trations of beryllium, boron, cobalt, and mercury are many times greater 
than those found in the tissues reported in the present study. 


SUMMARY 


The concentration of beryllium, boron, cobalt, and mercury in the tissues 
of the body of a normal adult human, 46 years of age, is reported. Lung, 
kidney, and liver contained the most beryllium, 7.e. 0.0004 to 0.0002 p.p.m. 
of fresh tissue, while none was detected in skeletal or voluntary muscle 
tissue. Maximal concentration of boron was in the skeleton, 7.e. 0.90 
p.p.m., followed by kidney, 0.248 p.p.m. All tissues analyzed contained 
measurable amounts of boron as well as cobalt and mercury. Liver and 
skin contained 0.056 and 0.050 p.p.m. of cobalt, with lesser amounts in 
other tissues, while the greatest concentration of mercury was in the ner- 
vous system and heart; 7.e., 0.047 and 0.052 p.p.m., respectively. 

The concentrations of these elements in the tissues represent only a very 
small percentage of the amounts calculated to be physiologically hazardous. 


The authors wish to express their sincere appreciation to the following: 
Dr. H. A. Laitinen and Pekka Kivalo for development of the fluorometric 
beryllium assay procedure used, Mrs. Alice M. Cook for beryllium and 
boron analyses, Mr. David A. Vaughan for cobalt analyses, Mrs. Uva 
Frey for mercury analyses, George Anast, Thomas Bunting, Robert Hert- 
ing,and William Hays for dissection, W. T. Haines and his staff for prepar- 
atory handling of the tissues, George H. Miller for service rendered in con- 
nection with obtaining the body, and Miss Marjorie kdman for assistance 
with the literature search. 


' Forbes, R. M., and Cook, A., unpublished data, University of Ilinois (1953). 


pectro- 
except 
tion of 
Table 
ming, 
in the 
ention 
celeton 
pligible 
sh was 
ned 8&0 
ed 12 
of 
en dis- 
high- 
).m. of 
amage 
e, and 
that | 
e liver 
same | 
al con- 
l, who | 
| 
it ner- | 
t, 2.€. 
heart 
e ele- 
xic in | 
SO, in | 
ysis of 
yilium | 
bone | 
kaline 
0.018 
alka- | 
xtent 
on of 
XUM | 


864 TRACE ELEMENTS IN HUMAN BODY 


we 


BIBLIOGRAPHY 


Anonymous, Nutr. Rev., 9, 135 (1951). 
Totter, J. R., Burnett, W. T., Jr., Monroe, R. A., Whitney, I. B., and Comar, ¢. 
L., Sctence, 118, 555 (1953). 


. Alexander, G. V., Nusbaum, R. E., and MacDonald, N.8., J. Biol. Chem., 19, 


489 (1951). 


. National Bureau of Standards handbook, United States Department of Con. 


merce, No. 52 (1953). 
Duckworth, J., and Hill, R., Nutr. Abstr. and Rev., 23, 1 (1953). 
Dutra, F. R., Largent, E. J., and Roth, J. L., Arch. Path., 61, 473 (1951). 
Klemperer, F. W., Martin, A. P., and Van Riper, J., Arch. Ind. Hyg. and Occy- 
pational Med., 4, 251 (1951). 
Klemperer, F. W., and Martin, A. P., Anal. Chem., 22, 828 (1950). 


. Guelbenzu, M. D., An. real acad. farmacol., 17, 237 (1951); Chem. Abstr., 4, 


3896 (1952). 


. Mitteldorf, A. J., and Landon, D. O., Anal. Chem., 24, 469 (1952). 
. Rusoff, L. L., and Gaddum, L. W., J. Nutr., 15, 169 (1938). 
. Hyslop, F., Palmes, E. D., Alford, W. C., Monaco, A. R., and Fairhall, L. T,, 


Nat. Inst. Health, Bull. 181 (1943). 


. Crowley, J. F., Hamilton, J. G., and Scott, K. G., J. Biol. Chem., 177, 975 (1949). 
. Klemperer, F. W., Martin, A. P., and Liddy, R. E., Arch. Biochem. and Biophys., 


41, 148 (1952). 


. Vorwald, A. J., Pneumoconiosis: beryllium, bauxite fumes, compensation, New 


York (1950). 


. Van Ordstrand, H.S., Ann. Int. Med., 35, 1203 (1951). 
. Gutman, A. B., and Yii, T. F., in Reifenstein, E. C., Jr., Metabolic interrela- 


tions, Josiah Macy, Jr., Foundation, New York, 3rd conference (1951). 


. Cochran, K. W., Zerwic, M. M., and DuBois, K. P., J. Pharmacol. and Exp. 


Therap., 102, 165 (1951). 


. Roche, J., Thoai, N.-V., and Loewy, J., Compt. rend. Soc. biol., 144, 638 (1950). 
. Aldridge, W. N., Barnes, J. M., and Denz, F. A., Brit. J. Exp. Path., 31, 473 


(1951). 


. Mathews, M. B., Moses, F. E., Hart, W., and Dorfman, A., Arch. Biochem. and 


Biophys., 35, 93 (1952). 


. Stockinger, H. E., and Stroud, C. A., J. Lab. and Clin. Med., 38, 173 (1951). 


Hove, E., Elvehjem, C. A., and Hart, E. B., Am. J. Physiol., 127, 689 (1939). . 


. Fields, L. B., and Childs, G. W., Proc. Oklahoma Acad. Sc., 31, 47 (1950). 

. Skinner, J. T., and McHargue, J.S., Am. J. Physiol., 143, 385 (1945). 

. Owen, E. C., J. Dairy Res., 13, 243 (1944). 

. Pfeiffer, C. C., Hallman, L. F., and Gersh, I., J. Am. Med. Assn., 128, 266 (1945). 
. Teresi, J. D., Hove, E., Elvehjem, C. A., and Hart, FE. B., Am. J. Physiol., 14, 


513 (1944). 


. Follis, R. H., Jr., Am. J. Physiol., 160, 520 (1947). 

. Orent-Keiles, E., Proc. Soc. Exp. Biol. and Med., 44, 199 (1940). 

. Wessinger, G. D., and Weinmann, J. P., Am. J. Physiol., 189, 233 (1943). 

. Brooke, C., and Boggs, T., Am. J. Dis. Child., 82, 465 (1951). 

. Zittle, C. A., Advances in Enzymol., 12, 493 (1951). 

. Kahlenberg, L., and Barwasser, N., J. Biol. Chem., 79, 405 (1928). 

. Braude, R., Free, A. A., Page, J. E., and Smith, E. L., Brit. J. Nutr., 3, 289 (1949). 
. Cuthbertson, W. F. J., Free, A. A., and Thornton, D. M., Brit. J. Nutr., 4, ? 


(1950). 


3 
I 3 
3 
| 
| 
5. 
6. 
7. 
8. 
10 
11 
12 
13 
14 
17 
1S 
20 
21 
23. 
24 
25 
26 
27 | 
28 
29 | 
30 
31 
32 | 
33 | 
34 
35 
36 | 


(1949). 
ophys., 


on, New 


iterrela- 
nd Exp. 


1950). 
31, 473 


em. and 


39). 


(1945). 
, 140, 


(1949). 
4, 42 


71. 
. Harvey, C. E., Spectrochemical procedures, Applied Research Laboratories, 


BB 


865 


R. M. FORBES, A. R. COOPER, AND H. H. MITCHELL 


_ Berlin, N. I., J. Biol. Chem., 187, 41 (1950). 


_Comar, C. L., Proceedings of the Auburn conference on the use of radioactive 


isotopes in agricultural research, 137 (1947). 


_ Rosenfeld, L., and Tobias, C. A., J. Biol. Chem., 191, 339 (1951). 

Wolff, H., Alin. Wochschr., 28, 280 (1950). 

_ Askew, H. O., and Watson, J., New Zealand J. Sc. and Tech., 25 A, 81 (1948). 
Askew, H. O., New Zealand J. Sc. and Tech., 25 A, 154 (19438). 

_ Keener, H. A., Percival, G. P., and Morrow, K.S8., J. Animal Sc., 7, 16 (1948). 
Marston, H. R., Physiol. Rev., 32, 66 (1952). 

_ Levey, 8., and Orten, J. M., J. Nutr., 45, 487 (1951). 

_Orten, J. M., and Bueciero, M. C., J. Biol. Chem., 176, 961 (1948). 

_ Dunn, K. M., Ely, R. E., and Huffman, C. F., J. Animal Sc., 11, 326 (1952). 

_ Griffith, W. H., Paveek, P. L., and Mulford, D. J., J. Nutr., 23, 603 (1942). 

_ Wesley, I., Arch. internat. Physiol., 58, 412 (1951). 

_ Levy, H., Levison, V., and Schade, A. L., Arch. Biochem., 27, 34 (1950). 

_ Miura, Y., and Nakamura, Y., Compt. rend. Acad., 232, 1874 (1951). 

_ Roche, J., Verrier, J. M., Lowy, R., and Thoai, N.-V., Compt. rend. Soc. biol., 


145, 786 (1951). 


_ Bodansky, O., J. Biol. Chem., 179, 81 (1949). 

. Stock, A., Biochem. Z., 316, 108 (1943). 

_ Stock, A., Biochem. Z., 304, 73 (1940). 

_ Bodnar, J., Szép, O., and Weszpremy, B., Biochem. Z., 302, 384 (1939). 


Szép, O., Biochem. Z., 307, 79 (1940). 


_ Burch, G., Ray, T., Threefoot,S., Kelly, F. J., and Svedberg, A., J. Clin. Invest., 


29, 1131 (1950). 


. Grossman, J., Weston, R. E., Lehman, R. A., Halperin, J. P., Ullman, T. D., and 


Leiter, L., J. Clin. Invest., 30, 1208 (1951). 


. Maren, T. H., Epstein, J. A., and Hand, W. C., J. Am. Pharm. Assn., Sc. Ed., 33, 


91 (1944). 


. Hand, W. C., Edwards, B. B., and Caley, E. R., J. Lab. and Clin. Med., 28, 1835 


(1943). 


. Edwards, J. G., Am. J. Path., 18, 1011 (1942). 


Gemmill, C. L., and Bowman, E. M., J. Pharmacol. and Exp. Therap., 100, 244 
(1950). 


. Handley, C. A., and Lavik, P.S.,.7. Pharmacol. and Exp. Therap., 100, 115 (1950). 
. Sohler, M. R., Seibert, M. A., Kreke, C. W., and Cook, E.S., J. Biol. Chem., 198, 


281 (1952). 


. Forbes, R. M., Cooper, A. R., and Mitchell, H. H., J. Biol. Chem. , 208, 359 (1953). 
. Laitinen, H. A., and Kivalo, P., Anal. Chem., 24, 1467 (1952). 

. Cholak, J., and Hubbard, D. M., Am. Ind. Hyg. Assn. Quart., 13, 3 (1952). 

. Ellis, G. H., Zook, E. G., and Baudish, O., Anal. Chem., 21, 1345 (1949). 

. Gregory, R. L., Morris, C. J., and Ellis, G. H., J. Assn. Official Agr. Chem., 34, 


710 (1951). 
Klein, A. K., J. Assn. Official Agr. Chem., 35, 537 (1952). 


Glendale, 127 (1950). 


. Brigatti, L., Med. lavoro, 40, 233 (1949); Chem. Abstr., 44, 5015 (1950). 


omer.é 
39 
em., 199, 40 
4] 
of Com. 42 
43 
44 
45 
nd Occy- 46 
47 
str., 46, 49 
50 
51 
52 
53 
54 
55 
56 
| 
| 


+ 

& 

| 


MALONATE DECARBOXYLATION BY PSEUDOMONAS 
FLUORESCENS 


I. OBSERVATIONS WITH DRY CELLS AND CELL-FREE 
PREPARATIONS* 


By JACK B. WOLFE, DANIEL IVLER, ann SYDNEY C. RITTENBERG 


(From the Department of Bacteriology, University of Southern California, 
Los Angeles, California) 


(Received for publication, January 12, 1954) 


Biochemical interest in malonate has been largely directed towards its 


role as an inhibitor of terminal respiration, little attention being given to 


its metabolism per se. However, as early as 1926, den Dooren de Jong (1) 
demonstrated that malonate could serve as the sole carbon source for 
several bacteria. Later, Lara (2) and Hayaishi and Kornberg (3) showed 
that malonate was formed as a degradation product of pyrimidines by 
bacteria, indicating that this compound could arise in normal catabolism. 
The finding of a malonate-decomposing enzyme in fish skeletal muscle (4) 
and its presence in appreciable concentrations in expressed sap of runners 
of certain leguminosae (5) suggest that malonate may also be important 
in the metabolism of multicellular organisms. 

Lineweaver (6) believed that malonate was decarboxylated anaerobically 
to acetate and carbon dioxide, while Karlsson (7) indicated that the initial 
attack on malonate was dependent upon an oxidation. Recently, Gray 
(8) has shown that dry cells of a malonate-adapted strain of Pseudomonas 
aeruginosa are capable of degrading malonate anaerobically to CO2 and 
acetate. 

However, Wolfe and Rittenberg (9) in studies with resting cells of 
Pseudomonas fluorescens indicated that malonate was metabolized at least 
in part by a pathway that did not involve acetate as such. Later Hayaishi 
(10) showed the involvement of CoA! and ATP in malonate decarboxyla- 
tion and suggested that either AcCoA and CO; or an active 1-carbon frag- 
ment and acetate could be the primary decarboxylation products. It 
became apparent that an understanding of malonate metabolism required 
further knowledge of the decarboxylation mechanism. 


* This investigation was supported in part by a research grant from the National 
Institutes of Health, United States Public Health Service. Part of the material in 
this paper was taken from a thesis submitted by Jack B. Wolfe to the Graduate 
School, University of Southern California, in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy, February, 1954. 

'The following abbreviations are used: CoA, coenzyme A; AcCoA, acetyl coen- 
zyme A; ATP, adenosinetriphosphate; GSH, reduced glutathione. 
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Methods 


Organism and Culture Procedure—A strain of P. fluorescens (P-6, a soil 
isolate), which could utilize malonate as the sole carbon source, was the 
experimental organism. All cultures were grown in a liquid medium of 
the following composition: 0.4 per cent disodium malonate, 0.5 per cent 
KeHPO,, 0.2 per cent KH2PQOx,, 0.1 per cent NH4NQOs, 0.1 per cent NH,Cl, 
and 0.1 per cent MgCl.-6H,0, in distilled water, pH 7.0. 6 liters of cul- 
ture medium in 12 liter round bottom flasks were routinely employed. 
The contents were constantly aerated and agitated by passing a stream of 
sterile air through the flasks. 5 per cent by volume of a 24 hour culture 
served as the inoculum. Incubation was at room temperature for 48 
hours. 

Preparation of Dry Cells—Cells were harvested with a Sharples centri- 
fuge, resuspended in approximately 80 ml. of cold distilled water, and cen- 
trifuged in the cold (4° + 1°) at 20,000 X g. This procedure was repeated 
several times until the cells had been washed with one-tenth the original 
volume of medium. ‘The resulting cell paste was spread in thin layers in 
glass dishes, placed in a desiccator, and dried in vacuo (2 to 5 mm. of Hg) 
over anhydrous calcium sulfate at room temperature. If a relatively 
short drying period was desired, the ratio of desiccant to cell paste was in- 
creased. About 0.3 to 0.5 gm. of dry cells per liter of medium was obtained. 


Dry cells not used immediately were stored in screw-top culture tubes. 


over desiccant in the refrigerator (4°). 

Two representative batches of dry cells are reported on in this paper: 
Batch 9 dried for 15 minutes and Batch 5 dried for 1 hour. These are 
referred to as short time-dried and long time-dried cells respectively. 

Preparation of Cell-Free Extract—A given quantity of dry cells plus | 
to 1.5 part of cold 0.05 m phosphate buffer (pH 6.1) was added to a mortar 
previously frozen in ice. The ingredients were ground by light hand pres- 
sure with the simultaneous slow addition of 3 parts of glass powder.2 The 
mixture was then ground with maximal hand pressure for three 1 minute 
intervals. Between grinding intervals, the mixture was scraped free of 
the mortar, to which it had a tendency to freeze. The resulting creamy 
paste was resuspended in, and extracted with, 20 parts of cold 0.05 m phos- 
phate buffer (pH 6.1) and centrifuged at 20,000  g for 30 minutes in the 
cold (4° + 1°). The clear supernatant fluid obtained was either used im- 
mediately or held at —15° until needed. Such cell-free preparations have 
been stored for several weeks with little loss of decarboxylase enzymes. 

Manometric Determinations—Conventional manometric procedures were 

* Pyrex glass powder usually employed for making the fine grade sintered glass 


filters was used. This material was generously provided by the Corning Glass 
Works through the courtesy of Mr. R. A. Petty and Mr. E. L. Jolly. 
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used for the determination of oxygen uptake, CO, evolution (direct 
method), and respiratory quotients (11). Determinations were run either 
in 0.05 m phosphate buffer or in 0.01 m Veronal buffer (diethylbarbituric 
acid), pH 6.1. Although CO» retention occurs at pH 6.1, preliminary ex- 
periments showed that retention within flasks used in any given Warburg 
experiment was constant in the presence of a given amount of substrate. 
Therefore the rates of COs» release in flasks of a given series could be com- 
pared directly. In all cases, however, the amount of CO: retained was 
determined at the end of the experiments. 


TaBLe I 
Malonate Decarboxylation by Dried Cell Preparation of P. fluorescens 
The reaction mixture contained 10 mg. of dry cells (Batch 5) and the indicated 
amount of malonate, in a total volume of 2.1 ml. Incubation at 30°; air atmosphere; 
0.05 m phosphate buffer, pH 6.1. 


COs: evolved 


Malonate added _.| Per cent decarboxylation 
Observed*® Theoreticalt 
4 | 72 89.6 81 
8 | 148 179 83 
32 | 630 718 88 
* Corrected for CO: retention. 
+ Based on a single step decarboxylation. 
EXPERIMENTAL 


Malonate Decarboxylation by Dry Cells—Table I presents the data for a 
typical experiment in which malonate-grown dry cells (Batch 5) were in- 
cubated with malonate in an air atmosphere. The total COs released at 
the three levels of malonate tested amounted to 81 to 88 per cent of that 
theoretically required for complete decarboxylation. Similar values were 
obtained in numerous tests with many different dry cell preparations, and 
in no instance was complete decarboxylation observed. The data imply 
that the energetics of the malonate decarboxylation reaction differ from 
those of known anaerobic decarboxylations and suggest that a single step 
degradation to acetate and COz is unlikely. For example, if malonate de- 
carboxylation was comparable to amino acid decarboxylation (12), one 
would expect that malonate decomposition would be almost complete. 

Effect of Iodoacetate and Fluoride—A marked inhibition of both the rate 
and the total amount of decarboxylation was observed in the presence of 
iodoacetate or fluoride (Table IT). The iodoacetate inhibition implicates 
SH groups in the decarboxylation, a supposition strengthened by the 
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known affinity of malonate for the sulfhydryl groups of succinic dehydro. 


genase. The fluoride inhibition suggests magnesium participation, since | 


TaBLeE II 
Effect of Iodoacetate and Fluoride on Decarborylase Activity of Dry Cell 
Preparation of P. fluorescens 
The reaction mixture contained 10 mg. of dry cells (Batch 5), 32 um of malonate. 
and concentrations of sodium fluoride and iodoacetate as indicated, in a total vol. 
ume of 3.0 ml. Incubation at 30°; air atmosphere; 0.05 m phosphate buffer, pH 6.1. 


CO: evolved Total CO: evolved at 
Inhibitor concentration* cessation of 
30 min. 60 min. 90 min. decarboxylationt 
ul, ul, ul. ul. 
0.0013 m iodoacetate..... 51 53 90 310 
0.001 m fluoride.......... 43 51 82 540 
0.01 m fluoride........... 15 29 74 394 


* Inhibitor added to system 20 minutes prior to the addition of the substrate. 
+ Corrected for CO: retention. 


Oo 60 240 300 360 
TIME IN MINUTES 

Fic. 1. Malonate oxidation by short and long time-dried cells of P. fluorescens in 
phosphate and Veronal buffer. ©, short time-dried cells (Batch 9) in phosphate 
buffer; @, Batch 9 dry cells in Veronal buffer plus 20 um of phosphate; O, Batch 9 
dry cells in Veronal buffer; M@, long time-dried cells (Batch 5) in phosphate buffer. 
The reaction mixture contained 5 mg. of dry cells and 16 um of malonate in a total 
volume of 2.1 ml. Buffer either 0.05 m phosphate or 0.01 m Veronal, pH 6.1, as indi- 
cated. Incubation at 30°; air atmosphere. All values corrected for oxygen uptake 
in the absence of substrate (dry cell control). 


fluoride is known to form a fluoride-magnesium-phosphate complex which 
inhibits magnesium-dependent enzymes (13). 

Comparison of Different Types of Dry Cells—Malonate-grown cells dried 
for only a short time oxidized malonate at an appreciable rate after a short 
lag. On the other hand, cells dried for longer periods of time showed no 
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oxygen uptake on malonate until a long lag period had elapsed (Fig. 1). 
The oxidation by the short time-dried cells was markedly inhibited if the 
reaction was carried out in Veronal instead of phosphate buffer (Fig. 1). 
The inhibition observed was not due to the lack of inorganic phosphate, 
since essentially the same degree of inhibition was obtained when phos- 
phate was added to the Veronal buffer system (Fig. 1). 


TABLE III 
Respiratory Quotients of Short Time-Dried Cell Preparation during Malonate 
Oxidation in Presence of Veronal and Phosphate Buffer 
The reaction mixture contained 5 mg. of dry cells (Batch 9) and 16 um of mal- 
onate, in a total volume of 2.1 ml. Incubation at 30°; air atmosphere; buffer (pH 
as indicated. 


Respiratory quotient 
Buffer 
60 min 120 min. 330 min. 
TABLE IV 


Effect of Veronal Buffer on Malonate Decarbozylase Activity of Long 
Time-Dried Cell Preparation 
The reaction mixture contained 5 mg. of dry cells (Batch 5) and 16 um of mal- 
onate, in a total volume of 2.1 ml. Incubation at 30°; air atmosphere; buffer (pH 
6.1) as indicated. 


CO: evolved Total CO: evolved at 
Buffer completion of i 
30 min. 60 min. 90 min. xylation 
ul. ul. ul. ul. 
0.05 m phosphate........ 100 149 202 312 
0.01 ‘ Veronal........... 82 144 196 304 


* Values corrected for COz retention. 


If decarboxylation is independent of malonate oxidation (as should be 
the case if acetate as such is the decarboxylation product), then short time- 
dried cells in the presence of Veronal, to inhibit oxidation, should decar- 
boxylate and consequently have a very high initial R. Q. It was found, 
however, that although the R. Q. values for the short time-dried cells were 
slightly higher in Veronal buffer than in phosphate buffer the differences 
were not great and there is no evidence for extra COz release during the 
period of oxidation inhibition (Table III). This result is apparently not 


due to a direct inhibition of decarboxylation by Veronal, since decarboxyla- 
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tion by long time-dried cells proceeded unimpaired in Veronal buffer (Table 
IV). 

The ability of short and long time-dried cells to decarboxylate malonate 
in a nitrogen atmosphere was also tested. The data obtained (Table V) 


TABLE V 
Anaerobic Decarborylation of Malonate by Two Types of Dry Cell Preparations 
The reaction mixture contained 5 mg. of dry cells as indicated and 16 uM of mal. 
onate, in a total volume of 2.1 ml. Incubation at 30°; nitrogen atmosphere; 0.05\ 
phosphate buffer, pH 6.1. 


CO: evolved 


Dry cells | 
30 min. 90 min. | 180 min. | 270 min.* 
| ul. | ul. 
Short time-driedf........... | 4 ee 25 32 
Long time-driedf........... | 58 | 103 | 283 313 


* Corrected for COz retention. 
t Batch 9, possessing active malonate-oxidizing system. 
t Batch 5, possessing latent oxidizing system. 


TaBLe VI 
Effect of ATP and CoA on Malonate Decarboxylation by Dowex-Treated 
Cell-Free Extract of P. fluorescens 
The reaction mixture contained 1.0 ml. of extract (0.29 mg. of N), 32 um of mal- 
onate, 2 um of MgCls, and 26 um of GSH, plus 36 units of CoA and 3.3 um of ATP as 
indicated, in a total volume of 3.1 ml. Incubation at 30°; air atmosphere; 0.05 m 
phosphate buffer, pH 6.1. 


| 30 min 60 min | 90 min. 
| ul. ul. | ul 
| 0 26 36 
| 4 6 | 47 
3 7 | 20 
| 123 290 


* Uncorrected for carbon dioxide retention. 


show that anaerobiosis, as did Veronal, inhibited CO, production by cells 
possessing oxidative ability, but did not affect decarboxylation by cells 
lacking the oxidative system. The results are similar to those of Karlsson 
(7) who showed that the malonate-decarboxylating system of resting cells 
of Azotobacter is inhibited under anaerobic conditions. 

The foregoing data suggest that decarboxylation is coupled with oxi- 
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dation and that a compound other than acetate is the primary product of 
the reaction. Since AcCoA could logically be this compound, confirma- 
tion of the recent report of Hayaishi (10) showing an ATP and CoA re- 
quirement for malonate decarboxylation was desirable. 

ATP and CoA Requirements—A crude cell-free extract of malonate- 
grown cells was treated with Dowex 1 exchange resin to reduce the level 
of CoA contamination (14) and tested for decarboxylase activity with 
and without ATP and CoA supplementation (Table VI). The unsupple- 
mented system showed very low activity, which was not stimulated when 
ATP and CoA were added singly to the reaction mixture. The simul- 
taneous addition of the two cofactors resulted in a marked stimulation of 
CO. release and showed unequivocably the ATP and CoA dependence of 
the decarboxylase reaction. 


SUMMARY 


Malonate-grown dry cells of Pseudomonas fluorescens decarboxylate ap- 
proximately 85 per cent of the added malonate. Todoacetate and fluoride 
inhibit decarboxylation by dry cells, implicating SH groups and magnesium 
in the process. Short time-dried cells, which possess an active malonate- 
oxidizing system, do not decarboxylate malonate independently of oxida- 
tion. The results of Hayaishi (10) showing that ATP and CoA are re- 
quired for decarboxylation were confirmed. These findings are interpreted 
as ruling out a direct decarboxylation of malonate to acetate and carbon 
dioxide. 
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MALONATE DECARBOXYLATION BY PSEUDOMONAS 
FLUORESCENS 


II. MAGNESIUM DEPENDENCY AND TRAPPING OF ACTIVE 
INTERMEDIATES* 


By JACK B. WOLFE, DANIEL IVLER, ano SYDNEY C. RITTENBERG 


(From the Department of Bacteriology, University of Southern California, 
Los Angeles, California) 


(Received for publication, January 12, 1954) 


It was previously shown (1) that fluoride inhibited malonate decarboxy- 
lation by dry cell preparations of Pseudomonas fluorescens, suggesting that 
magnesium was involved in the process. Although the recent work of 
Hayaishi (2) failed to show a magnesium dependency for malonate decar- 
boxylation, our own data indicated that a reinvestigation of the réle of 
magnesium was in order. 


Methods 


The procedures for culturing the experimental organism, P. fluorescens, 
and for preparing the crude cell-free extract have been described previously 
(1). 
Partial Purification of Crude Enzyme Preparation—Powdered ammo- 
nium sulfate was added to a given volume of the crude cell-free extract to 
obtain 20 per cent saturation. The resulting precipitate was collected 
by centrifugation for 30 minutes at 20,000 X g. The supernatant fluid 
was decanted, and the precipitate was drained by inverting the centrifuge 
tube on absorbent paper toweling. The precipitate was redissolved in dis- 
tilled water. The supernatant fluid was then brought to 40 per cent 
saturation, and the procedures were repeated until solutions of the am- 
monium sulfate fractions of 0 to 20, 20 to 40, 40 to 60, 60 to 80, and 80 
to 100 per cent saturation were obtained. The pH of these resulting solu- 
tions ranged from 5.5 to 6.0. All the manipulations were performed in the 
cold (4° + 1°) with the exception of the salting out step, which was carried 
out at room temperature. The nomogram of Dixon (3) was employed for 
calculating the required amounts of ammonium sulfate. 

Dialysis—5 ml. of the enzyme solution were placed in a cellophane dialy- 


* This investigation was supported in part by a research grant from the National 
Institutes of Health, United States Public Health Service. Part of the material in 
this paper was taken from a thesis submitted by Jack B. Wolfe to the Graduate 
School, University of Southern California, in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy, February, 1954. 
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sis sac. This was suspended in 2 liters of distilled water and dialyzed over. 
night in the cold (4° + 1°). 

Detection and Identification of Intermediates—The detection of biologi- 
cally formed esters was carried out by two different methods: trapping ex. 
periments in which hydroxylamine was included in the reaction mixture 
(4), and experiments in which hydroxylamine was added at the end of the 
reaction (5) without previous esterification. In both cases, the procedure 
of Stadtman and Barker (5) was used for preparing the derivatives for 
chromatographic analysis. Total hydroxamic acids formed were deter- 
mined by the method of Lipmann and Tuttle (6). 

The hydroxamic acids in all cases were chromatographed unidimension- 
ally at room temperature by the ascending technique with Whatman No. | 
filter paper swamped with acetic acid and a butanol-water-acetic acid 
solution (4:5:1) as the developer, in accordance with the method of Lugg 
and Overell (7). Hydroxamic acid standards were prepared from their 
corresponding ethyl esters by the method of Kornberg and Pricer (8). 

Other Methods —The nitrogen content of the various enzyme preparations 
was determined by the micro-Kjeldahl technique. Warburg experiments 
were performed as previously described (1). 


EXPERIMENTAL 


Location of Active Fraction—The undialyzed fractions obtained by am- 
monium sulfate precipitation were tested manometrically for decarboxyl- 
ase activity immediately after preparation. The test system included 
ATP,! CoA, GSH, and Mg** as supplements in a 0.05 m phosphate buffer, 
pH 6.1. Almost all of the decarboxylase activity was found in the Soo.40 
fraction, and, although a small part of the activity remained in the Syo-¢9 
fraction, no attempt was made to recover it (Table I). 

Effect of Magnesium and Manganese—A dialyzed S2o-49 fraction was used 
to test for magnesium requirements. Four experimental flasks were used: 
one with the complete supplement, one without magnesium, one with 
magnesium in the side arm which was introduced into the reaction mixture 
after 120 minutes, and the last, a control, containing heated enzyme solu- 
tion (15 minutes, 80°) and a complete supplement. 

The results show that a definite magnesium requirement exists in the 
malonate decarboxylase reaction (Fig. 1). In the flask in which added 
magnesium was present from the start, CO» release occurred after a 30 
minute lag and attained its maximal rate at 120 minutes. In the flask 


' The following abbreviations are used: S2o40, enzyme solution derived from am- 
monium sulfate precipitation at 20 to 40 per cent saturation of the crude cell-free 
extract; ATP, adenosinetriphosphate; CoA, coenzyme A; GSH, reduced glutathione; 


AcCoA, acetyl coenzyme A. 
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lacking added magnesium, no CO, evolution was detectable for 150 min- 
utes, at which time a very slow formation commenced, suggesting perhaps 


TABLE I 
Malonate Decarboxrylase Activity of Ammonium Sulfate-Precipitated Fractionations 
of Cell-Free Extract of P. fluorescens 
The reaction mixture contained 0.1 ml. of the enzyme solution, 32 um of malonate, 
33 units of CoA, 26 um of GSH, 3.3 um of ATP, and 2 yum of MgCls, in a total volume 
of 2.1 ml. Incubation at 30°; air atmosphere; 0.05 m phosphate buffer, pH 6.1. 


evolved* 
Per cent ammonium 
10 min. | 20 min. | 30 min. | 60 min 
| 0 0 0 
20 23 | 25 35 
0 0 0 0 
* Uncorrected for CO: retention. 
0 
U 
al 
4, 
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O 30 60 90 120 150 180 210 
TIME IN MINUTES 


Fic. 1. The effect of magnesium on malonate decarboxylation by the dialyzed 
Seoao cell-free extract from P. fluorescens. O, magnesium present at start; @, 
magnesium tipped in at 120 minutes; (, magnesium absent. Data uncorrected for 
CO, retention. The reaction mixture contained 0.3 ml. of the Soo«o fraction (0.12 
mg. of N), 32 um of malonate, 33.3 units of CoA, 3.3 um of ATP, 13 um of GSH, and 
2 um of Mg** as indicated. Total volume 2.1 ml.; incubation at 30°; air atmos- 
phere; 0.05 m phosphate buffer, pH 6.1. 


that traces of magnesium remained in the dialyzed preparation. The con- 
trol flask containing the heated enzyme preparation produced no carbon 
dioxide. Decarboxylation started almost immediately after the magne- 
sium was tipped into the reaction mixture which had been preincubated 
for 120 minutes. The maximal rate of CO, evolution was attained 60 
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minutes after the introduction of the magnesium, compared to the 120 
minutes required when magnesium was added to the reaction at the start. 

The existence of a lag in CO, release by the complete system shows that 
at least two steps are involved in malonate decarboxylation, possibly an 
activation, followed by the decarboxylation proper. Since the attain- 
ment of the maximal rate of decarboxylation is more rapid if magnesium 
is added after a preincubation period, it can be inferred that magnesium 
is directly involved in the second step, the release of COs. 

One method of checking this inference is provided by determining the 
total amount of activated components, if present, formed in a reaction 


TABLE II 


Total Hydroxamic Acids Formed from Malonate by Dialyzed, Purified 
Cell-Free Extract in Absence and Presence of Magnesium 


The complete system contained 0.3 ml. of the S2o40 fraction (0.2 mg. of N), 100 
um of malonate, 13 um of ATP, 200 units of CoA, 150 um of GSH, 2 um of Mg*+, 5 uw 
of KH2PQ,, and 100 um of NH2OH, in a total volume of 4.0 ml. Incubation at 30° 
for 90 minutes; nitrogen atmosphere for anaerobic experimental flasks; air atmos- 
phere for control flasks; 0.01 m Tris (tris(hydroxymethyl)aminomethane) buffer, 


pH 7.4. 


Experi 1 flasks, ic; ic;* 
uM uM 
1.4 0.0 
‘¢ sgupplement............... 0.0-0.2 0.0 


* Hydroxylamine omitted. 
t Values corrected for carbon dioxide retention and carbon dioxide evolved by 
systems lacking substrate. 


mixture containing dialyzed enzyme preparation with and without mag- 
nesium. If the magnesium requirement is for activation of malonate, 
very little hydroxamic acid should be formed in the absence of magnesium 
compared to that formed in its presence. Conversely, equivalent amounts 
of hydroxamic acid should be expected if the added magnesium is needed 
only for the decarboxylation step. The data from such an experiment 
(Table II) show that the absence of magnesium had very little effect on 
the total amount of hydroxamic acid formed. Control flasks without 
hydroxylamine were run simultaneously in this experiment. Of these, 
only the flask containing the complete supplement with magnesium evolved 
measurable CO». These data demonstrate that magnesium is directly 
involved in the conversion of a C3; to a Ce compound. Since magnesium 
is known to be involved in acetate activation (9), it is possible that a mag- 


| 
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nesium requirement could exist for malonate activation, as well as for 
decarboxylation. If a double requirement for magnesium exists, the re- 
quirement for the first step was met by traces of magnesium remaining in 
the dialyzed preparation. The data of Table III show that manganese 
can replace magnesium, but is not as effective. 

Chromatographic Identification of Active Products—Preliminary experi- 
ments were run to determine the Ry values of known compounds. The 
acetohydroxamate standard gave an FR, value of 0.51 to 0.54. The mal- 
onohydroxamates gave R,y values of 0.22 to 0.25 and 0.35 to 0.39. The 
occurrence of two spots for malonate showed that the sample chromato- 
graphed consisted of a malonomono- (Fr 0.35 to 0.39) and a malonodi- 


TaBLeE III 
Ability of Manganese to Replace Magnesium in Decarbozylation of Malonate 
by Dialyzed, Purified Cell-Free Extract 
The reaction mixture contained 0.3 ml. of the dialyzed Seo-40 fraction (0.12 mg. of 
N), 32 um of malonate, 33.3 units of CoA, 13 um of GSH, 3.3 um of ATP, and 2 uo of 
Mg** or Mn** as indicated, in a total volume of 2.1 ml. Incubation at 30°; air 
atmosphere; 0.05 m phosphate buffer, pH 6.1. 


evolved* 
Cation added to reaction mixture) 
60 min. 90 min. 120 min. 
pl. pl. pl. 
Magnesium............. 22 67 144 
Manganese.............. 8 26 91 


* Uncorrected for CO, 


hydroxamic acid (Ry 0.22, to 0.25) as the result of an incomplete reaction 
between the hydroxylamine and the diethyl malonate used to prepare the 
standard. As would be expected from the method employed, the spot for 
the malonodihydroxamate was the more intense. The R, value for the 
malonomonohydroxamate, 0.35 to 0.39, corresponded to that reported by 
Hayaishi (2), 0.36 to 0.38, for the same compound. 

The first trapping experiment was done with an undialyzed S2o-40 frac- 
tion supplemented with Mg**, CoA, GSH, and ATP. Fluoride was omit- 
ted since it is known that it can inhibit the rate of decarboxylation (1). 

The results of this experiment (Table IV) show that malonodihydrox- 
amic acid and acetohydroxamate were trapped. Since the preparation 
can obviously activate acetate (Table IV), active acetate is not established 
as an intermediate in malonate decarboxylation by this experiment. 

Hayaishi (2), using essentially the same techniques, identified chroma- 
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tographically a monoactivated malonate and active acetate in his reaction 
mixture. Since Hayaishi’s system included fluoride, the experiment was 
repeated with and without this compound. <A quantitative determination 
of the total hydroxamic derivatives was carried out on 1 ml. aliquots of 


TABLE 
Rp Values of Hydroxylamine-Trapped Biological Esters 
The reaction mixture contained 0.2 ml. of the S2o.49 fraction (0.16 mg. of N), 120 
units of CoA, 108 um of GSH, 13.2 um of ATP, 2 um of Mg**, and substrate and hy- 
droxylamine as indicated, in a total volume of 3.0 ml. Incubation at 30° for 9 
minutes; nitrogen atmosphere; Tris buffer, pH 7.4. 


: | Rr of comparative standards 
NH2OH Substrate Rr obtained* | 
| | Acetate Malonate 
1 100 100 um malonate | 0.25, 0.54 
2 200 100 0.24, 0.54 .51-0.54 22-0. 25 
200 100 ‘* acetate 0.53 | 


* The enzyme control without substrate showed no spots. 


TABLE V 
Effect of Fluoride on Hydroxamic Acid Formation 
The reaction mixture contained 1.0 ml. of the S2o.49 fraction (0.7 mg. of N), 100 
uM of malonate, 100 um of NH2OH, 2 um of Mgt*, 5 um of KH2PO,, 82 um of GSH, 
and, where indicated, 100 um of NaF, 200 units of CoA, and 13.2 um of ATP, in a total 
volume of 4.0 ml. Incubation at 30° for 90 minutes; nitrogen atmosphere; Tris 
buffer, pH 7.4. 


Additions to reaction mixture Hydroxamic acid formed Rr of activated derivatives 


uM 
ATP + CoA+F-.............. | 5.3 | 0.23, 0.37, 0.52 


the reaction mixtures. The remainders were concentrated and chromato- 
graphed. More hydroxamic acid was found in the presence of fluoride 
than in its absence (Table V). On chromatographing, Rr values of 0.23 
and 0.55 were obtained for the derivatives formed in the reaction mixture 
without added fluoride and 0.23 and 0.52 for those found in the presence 
of fluoride. These values corresponded with the control values of the 
malonodihydroxamic acid and acetohydroxamic acid respectively. A third 
spot of less intensity with an Ry value of 0.37, corresponding to the mal- 
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onomonohydroxamic acid standard, also appeared in the chromatogram of 
the reaction mixture containing fluoride. 


TABLE VI 


Effect of Fluoride and Veronal on Malonate Decarborylation by Purified 
Cell-Free Extract in Presence of 0.25 um of ATP 


The reaction mixture contained 0.1 ml. of enzyme (0.07 mg. of N), 32 um of mal- 
onate, 33.3 units of CoA, 13 um of GSH, 0.25 um of ATP, and sodium fluoride or Veronal 
as indicated, in a total volume of 2.1 ml. Incubation at 30°; air atmosphere; 0.05 m 
phosphate buffer, pH 6.1. 


| CO: evolved* 
Additions to reaction mixture | 
10 min. 20 min. 30 min 
pl. pl. pl. 
0.006 m Veronal.............. 2 208 | 502 
* Uncorrected for COz retention. 
TABLE VII 


Effect of Fluoride on Oxidation and Decarbozylation of Malonate by Purified 
Cell-Free Extract 


The reaction mixture contained 0.1 ml. of the Szo40 fraction (0.08 mg. of N), 32 
um of malonate, 33.3 units of CoA, 13 um of GSH, 3.3 um of ATP, 2 um of Mg*t, and 
NaF as indicated, in a total volume of 2.1 ml. Incubation at 30°; air atmosphere; 
0.05 m phosphate buffer, pH 6.1. 


CO: evolved* 
Additions to reaction mixture, Oz consumed in 60 min.t 
10 min. 20 min. 30 min. 
ul. ul. al. ul. 
113 474 513 21 
006m NaF........... 84 442 557 13 


* Uncorrected for CO: retention. 
t The oxygen consumption of the enzyme control (without substrate) in the 
presence and absence of 0.05 m NaF was 0 and 8 ul. respectively. 


The evidence therefore establishes the formation of both the mono- 
and diactivated esters of malonic acid in the decarboxylase reaction. In 
the absence of fluoride very little of the malonyl monoactivated ester is 
present at any one time, suggesting that it undergoes a rapid change into 
either the C2 product, the malony] diactivated ester, or both. 

Non-Stoichiometry of ATP—It was of interest to determine whether the 
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fluoride inhibition of malonate decarboxylation by dry cells (1) also o¢. 
curred with cell-free extracts. For this purpose, the undialyzed Soo-4 frac. 
tion with complete supplement was tested for malonate decarboxylation 
in the presence of various concentrations of fluoride. As was to be ey. 
pected, at a sufficiently high (0.15 m) fluoride concentration, there was an 
inhibition of the rate of COz2 release (Table VI). 

At a lower fluoride concentration (0.05 m) decarboxylation was not 
affected, but oxygen consumption by the enzyme control in the absence 
of substrate was completely inhibited (Table VII). This observation, 
coupled with the fact that in the experiments only 0.25 and 3.3 um of 
ATP, respectively, were added and approximately 28 um of malonate were 
decarboxylated, indicated that ATP was not required in stoichiometric 
amounts for malonate decarboxylation. It can readily be seen from the 
data for oxygen uptake (Table VII) that an oxidative regeneration of high 
energy phosphate could not account for this non-stoichiometry. 

In the presence of Veronal, an inhibitor of ATP formation in other sys- 
tems (10), a slight inhibition of the rate, but not of the total amount, of 
decarboxylation was found (Table VI). The lack of stoichiometry between 
the ATP added and malonate decarboxylation is again evident, since in 
this experiment also only 0.25 um of ATP was added and approximately 
28 um of malonate were decarboxylated. 


SUMMARY 


A magnesium requirement for malonate decarboxylation is shown. Evi- 
dence that the decarboxylation process consists of two or more steps, an 
activation requiring ATP and CoA followed by carbon dioxide release from 
the active compound, is presented. The magnesium is required for the 
decarboxylation step. | 

Both a mono- and a diactivated malonate were identified chromato- 
graphically in reaction mixtures, the latter presumably arising from the 
former. Although diactivated metabolic intermediates of this nature have 
not been reported previously, it is well known that diesters of malonic 
acid are very reactive compounds and are much used in organic synthesis. 
Consequently an active metabolic réle for a diactivated malonate would 
not be surprising. Acetohydroxamate was also found, but the evidence 
for AcCoA as a direct product of decarboxylation is not yet conclusive. 

A lack of stoichiometry was found between the ATP added and the 
malonate decarboxylated under a variety of conditions in which ATP re- 
generation was improbable. This indicates a mechanism for conserving 
the initia] high energy input, as would be provided by a transferase coup- 
ling between a product of decarboxylation and malonate. 
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MALONATE DECARBOXYLATION BY PSEUDOMONAS 
FLUORESCENS 


IlI. THE ROLE OF ACETYL COENZYME A* 


By JACK B. WOLFE ano SYDNEY C. RITTENBERG 


(From the Department of Bacteriology, University of Southern California, 
Los Angeles, California) 


(Received for publication, January 12, 1954) 


It has been shown (1) that the relation between the ATP! required for 
activation and the amount of malonate decarboxylated is not stoichio- 
metric. This suggested that a mechanism exists for the conservation of 
the initial high energy input from ATP. Recently Beinert and Stansly 
(2) showed that malonate is an efficient replacing agent in the acetoacetate 
activation and cleavage enzyme system obtained from heart muscle. 
Their results suggested that a transfer of CoA occurred from acetoacetyl 
CoA to malonate. Similar CoA-transferring enzymes have been demon- 
strated by Stadtman (3) in bacterial preparations which will transfer the 
high energy-containing CoA moiety of AcCoA to fatty acids. It was 
reasonable to postulate, therefore, that a CoA transferase coupling existed 
in the malonate decarboxylase reaction. As a working hypothesis the 
following series of schematic reactions was formulated. 


(1) Malonate + ATP + CoA — malonylmonoCoA 
(2) MalonylmonoCoA sane AcCoA + CO, 
(3) AcCoA + malonate —— malonylmonoCoA + acetate 


Although these reactions did not explain all of the experimental data, in 
particular the existence of a diactivated malonate, they provided a working 
basis for further investigation. 


* This investigation was supported in part by a research grant from the National 
Institutes of Health, United States Public Health Service. Part of the material in 
this paper was taken from a thesis submitted by Jack B. Wolfe to the Graduate 
School, University of Southern California, in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy, February, 1954. 

' The following abbreviations are used: ATP, adenosinetriphosphate; CoA, coen- 
zyme A; AcCoA, acetyl coenzyme A; GSH, reduced glutathione; Seo-49, enzyme solu- 
tion derived from ammonium sulfate precipitation at 20 to 40 per cent saturation of 
the crude cell-free extract. 
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Methods 


The preparation of the partially purified enzyme system and the mano. 
metric techniques employed were described in previous papers (1, 4). 

AcCoA was prepared and purified chromatographically by the method 
of Stadtman (5), with dry cells of Clostridium kluyveri? as the source of 
phosphotransacetylase. The AcCoA was eluted from the chromatogram 
with a small amount of acidified water, pH 4.0, and the extract was as- 
sayed by the method of Lipmann and Tuttle (6). Any AcCoA solution 


4200 


oO iO 20 30 40 590 690 7O 
TIME IN MINUTES 


Fic. 1. The effect of increasing concentrations of ATP on malonate decarboxyla- 
tion. @,3.3 um of ATP; O, 0.5 um of ATP; @, 0.25 um of ATP; 0, 0.05 um of ATP. 
The reaction mixtures contained 0.1 ml. of the S2o49 fraction (0.07 mg. of N), 32 um 
of malonate, 13 um of GSH, 33.3 units of CoA, 2 um of Mgt*, and ATP as indicated, in 
a total volume of 2.1 ml. Incubation at 30°; air atmosphere; 0.05 m phosphate buffer, 
pH 6.1. Data uncorrected for CO: retention. 


‘that was not used immediately after preparation was stored in the cold 
and used within the next 24 hours. 


EXPERIMENTAL 


Preliminary experiments were run to determine the effect of varying 
concentrations of ATP in the presence of a constant amount of CoA. 
They show (Fig. 1) that by increasing the concentration of the added ATP 
the time required to initiate CO. production and attain maximal rate of 
decarboxylation was progressively decreased; 7.e., increasing high energy 
input shortens the over-all reaction time. At the three higher levels of 
ATP used, the maximal rate of decarboxylation ultimately attained is the 
same. 


2 Generously provided by Dr. H. A. Barker, University of California. 
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With a level of ATP below the molar equivalence of CoA added (caleu- 
lated from the molecular weight given by Novelli (7)), COz release is initi- 
ated only after a long lag, and decarboxylation never attains the maxi- 
mal rate achieved at higher ATP levels. The extent of decarboxylation 
achieved is approximately the same at all ATP levels used. 

In the presence of a given amount of ATP, increasing the concentration 
of CoA inhibited the rate of decarboxylation (Table I). In fact, a decided 
inhibition was found when CoA was in slight molar excess over ATP. 

Nature of C, Decarboxylation Product—Data reported previously (1) have 
shown that the Seo.49 fraction contains an activating enzyme which con- 
verts acetate to AcCoA in the presence of ATP and CoA. This same frac- 


TaBLeE I 
Effect of Increasing Coenzyme A Concentrations on Malonate Decarbozylation 


The reaction mixture contained 0.1 ml. of the S2o4o fraction (0.07 mg. of N), 32 
um of malonate, 0.25 um of ATP, 13 um of GSH, 2 um of Mgt*, and units of CoA as 
indicated, in a total volume of 2.1 ml. Incubation at 30°; air atmosphere; 0.05 m 
phosphate buffer, pH 6.1. 


CO: evolved* 
Coenzyme A added 
5 min. | 10 min. 15 min. 20 min. 25 min. 30 min. 
unils pl. pl. pl. pl. pl. pl. 

33.3 (0.1 um) 5 32 180 372 509 

66.6 (0.2 ‘*) 6 32 167 354 507 

99.9 (0.3 ‘‘) 0 19 146 334 473 504 
133.2 (0.4 ‘‘) 0 17 95 230 367 509 


* Uncorrected for COz retention. 


tion is unable to oxidize acetate and in addition lacks a citrate condensing 
enzyme (8). If, therefore, acetate as such is the Cz product of decarbox- 
ylation, then the simultaneous addition of acetate and malonate to the re- 
action mixture, at rate-limiting levels of ATP, should result in a competi- 
tion of the two activating systems for the available ATP and reduce the 
rate of decarboxylation. 

The results of such an experiment (Table II) show that the presence of 
acetate actually stimulated rather than inhibited the over-all rate of de- 
carboxylation. This showed that a C, compound other than acetate is the 
product of malonate decarboxylation. The data also afforded supporting 
evidence for the participation of a CoA transferase in malonate decar- 
boxylation, since, in order for the added acetate to stimulate the decarbox- 
ylation, the ~CoA moiety which is formed in the activation of acetate 
must be transferred to malonate. The data also imply that, in the reaction 
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scheme postulated in the introduction, equation (1) would have a slowe 
rate than equation (3). 

To obtain direct evidence for the participation of AcCoA in the reaction, 
the rates of carbon dioxide evolution were compared at two levels of ATP 


TABLE II 
Effect of Added Acetate on Malonate Decarborylation 


The reaction mixture contained 0.1 ml. of the Seo4o fraction (0.07 mg. of N), 32 
uM of malonate, 33.3 units of CoA, 13.4 um of GSH, 0.25 um of ATP, 2 um of Mg. 
and acetate as indicated, in a total volume of 2.1 ml. Incubation at 30°; air atmos. 
phere; 0.05 m phosphate buffer, pH 6.1. 


| CO: evolved* 
Acetate added | 
| 10 min. 15 min. 20 min. 25 min. 
ul pl. ul ul. 
61 345 523 | 
83 439 538 | 


* Uncorrected for CO, retention. 


TaB_Le III 
Effect of AcCoA on Malonate Decarborylation 


The reaction mixture contained 0.1 ml. of the Seo40 fraction (0.06 mg. of N), 32 
uM of malonate, 33.3 units of CoA, 13.6 um of GSH, 2 um of Mgtt, and ATP or 
AcCoA, as indicated, in a total volume of 2.1 ml. Incubation at 30°; air atmos- 
phere; 0.05 m phosphate buffer, pH 6.1. 


CO: evolved* 
Additions to reaction mixture 
| 10 min. 15 min. 20 min. 25 min. 30 min. 

| 7 80 217 419 524 
0.25 “ ‘ + 0.25 um AcCoA..| 109 355 476 488 
| 29 172 382 471 
0.5 + 0.25 um AcCoA... | 145 483 498 

* Uncorrected for CO. retention. 

in both the absence and presence of added AcCoA (Table III). The over- 


all rates of decarboxylation were greatly enhanced by the addition of small 
amounts of AcCoA, and the lag before carbon dioxide release was almost 
completely eliminated. <A greater stimulation occurs in doubling the effec 
tive ATP level by addition of an equivalent quantity of AcCoA than occurs 
by doubling the quantity of ATP as such. The experiment provides ad- 
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ditional proof that AcCoA is a product of malonate decarboxylation, that 
it is also involved in the decarboxylase mechanism by a CoA transferase, 
and that the transferase reaction is faster than reaction (1). In addition 
the data suggest that the lag period before CO, release is due to an initial 
lack of AcCoA or some CoA donor which, once formed, accelerates the 
decarboxylation to its maximal rate. 

However, the crucial test for the correctness of the formulated reaction 
sequence is still lacking. From equations (2) and (3), AcCoA should be 
able to replace ATP, but this did not occur (Table IV). Thus AcCoA is 
not the primary CoA donor to malonate by the transferase reaction in 
equation (3); the participation of AcCoA in the reaction series, however, 


TaBLe IV 
Inability of AcCoA to Replace ATP Requirement for Malonate Decarboxylation 
The reaction mixture contained 0.1 ml. of the Seo40 fraction (0.06 mg. of N), 32 
uw of malonate, 13.3 um of GSH, 2 um of Mgtt, and amounts of ATP and AcCoA as 
indicated, in a total volume of 2.1 ml. Incubation at 30°; air atmosphere; 0.05 
phosphate buffer, pH 6.1. 


CO: evolved* 
Additions to reaction mixture 
10 min. 15 min. 20 min. 25 min. 30 min. 
pl pl. pl. pl. pl. 
0.25 um ATP + 0.25 ww AcCoA.... 6 ——~—s«éa 139 213 307 


* Uncorrected for COs retention. 


is obvious (Table III). It seemed, therefore, that an ATP priming reac- 
tion must occur and some of the high energy thus introduced must be 
retained at the C; level. Considering also the chromatographic evidence 
for the occurrence of a diactivated malonate (1), the following mechanism 
for decarboxylation can be postulated. 


(1’) Malonate + ATP + CoA —— malonylmonoCoA + X 
(2) MalonylmonoCoA Mg" AcCoA + CO, 

(3’) AcCoA + malonylmonoCoA ——~ malonyldiCoA + acetate 
(4) MalonyldiCoA + malonate ——> 2 malonylmonoCoA 


In this series of equations the CoA donor to malonate is a postulated mal- 
onyldiCoA which conserves the high energy of the priming reaction (equa- 
tion (1’)) and becomes the key compound in the CoA transferase couple. 
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DISCUSSION 


Since the main interest in this study was the decarboxylation reaction, 
very little evidence was obtained for the mechanism of the priming step, 
However, it is not unreasonable to assume that the priming of malonate js 
similar to acetate activation (9), and X in equation (1’) may represent 
adenylic acid and pyrophosphate. 

The mechanism of malonate decarboxylation is notable in that only small 
quantities of ATP are required to initiate the process and carry it to con- 
pletion. For this to occur without introducing additional ATP into the 
reaction, the initial product formed must be of a chemical nature that 
retains most of the energy input, but at a lower energy level than ATP. 
This compound, shown in equation (1’) as malonylmonoCoA, then gives 
rise to a series of reactions which would lead to the formation of a com- 
pound containing more energy than the initial product of the priming re- 
action has. This latter compound, the malonyldiCoA in equation (3’), is 
then able to replace ATP in the activation of malonate. 

From the proposed reaction sequence, the formation of the malonyldi- 
CoA would be accelerated upon the addition of AcCoA to the reaction 
mixture. This would account for the ability of AcCoA to speed up mal- 
onate decarboxylation without its being able to replace ATP. The pro- 
posed mechanism also explains the following experimental data presented 
in this and the previous papers in this series (1, 4): (1) the necessity of 
ATP for priming; (2) the chromatographic detection of both malono- 
monohydroxamic and malonodihydroxamic acids in the decarboxylation 
reaction mixture when hydroxylamine is added as a trapping agent; (3) 
the lack of a stoichiometric relation between ATP and decarboxylation; 
(4) the finding that a product of the reaction (AcCoA) will accelerate the 
rate of reaction; (5) the lag before COz release in the presence of a complete 

‘system; and (6) the incomplete decarboxylation of the substrate. 

Equation (4) postulates that residual malonyldiCoA would exist in the 
reaction mixture after all of the substrate, malonate, has undergone decar- 
boxylation. Its accumulation would account for the fact that the CQ; 
evolved is only 81 to 88 per cent of that required for complete decarboxyla- 
tion. 

The fact that the AcCoA, a product of the reaction, can accelerate the 
reaction also affords a reasonable explanation (Fig. 2) of the preliminary 
data obtained with dry cells (4). Of the dry cells used in these preliminary 
experiments, those containing the active oxidizing system resemble the 
“biological whole” more closely than do the dry cells with the latent oxi- 
dation system, for it is quite apparent that the entire battery of enzymes 
and their cofactors necessary for complete oxidation of the substrate is 
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intact. The dry cells with the latent oxidizing system have been shown 
to lack aconitase activity and are unable to oxidize acetate (8); conse- 
quently a block in the malonate-oxidizing system exists. 

In the dry cells with an oxidizing system, AcCoA formed from malonate 
is removed by the oxidation reaction sequence and by competing labile 
acetyl acceptor systems. Under these conditions reactions (3’) and (4) 
are of minor significance, and malonate decarboxylation is dependent on 
ATP regeneration and consequently on the oxygen uptake of the system. 
In the presence of Veronal or under anaerobic conditions, ATP regenera- 
tion by this type of cell is inhibited or blocked. Malonate decarboxyla- 


ATP + CoA+ TO OTHER ACETYL 
MALONATE ACCEPTORS 

REACTIONS 

1 AND 2 
AcCoA+ CO, 
TO 

CONDENSATION REACTIONS 

TO CITRATE 3 AND 4 


TO OXIDATION PRODUCTS AND ATP 
FORMATION (INHIBITED BY VERONAL 
ANDO ANAEROBIOSIS) 


Fig. 2. Pathway of malonate with dry cells. Cells without active oxidizing sys- 
tem blocked at A and B. 


tion either ceases after the initially available ATP is used and the AcCoA 
is dissipated (anaerobic) or proceeds slowly as oxygen is consumed (Vero- 
nal), giving a respiratory quotient similar to that of the uninhibited system. 
On the other hand AcCoA piles up in the other type of dry cells owing to a 
block of the oxidation mechanism at the citrate level and inactivation of 
other labile acetyl-utilizing mechanisms. Reactions (3’) and (4) come 
into play, and an autocatalytic effect on malonate decarboxylation is ob- 
tained, via the transferase couple. 

The proposed mechanism thus accounts for all the data obtained from 
both dry cells and cell-free preparations. Experiments are now under 
way to characterize the diactivated malonate demonstrated chromato- 
graphically and to provide additional verification for the individual reac- 
tions postulated. 
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SUMMARY 


The initiation of malonate decarboxylation by a cell-free enzyme systey, 


from Pseudomonas fluorescens was progressively speeded up as the added} 
ATP level was increased. When the amount of CoA exceeded that of 


ATP, inhibition of decarboxylation was observed. 


The addition of acetate or of AcCoA stimulated decarboxylation. A). ) 


though AcCoA addition caused a greater stimulation than that produced 
by an equivalent amount of ATP when some ATP was present in the re. 
action mixture, AcCoA could not replace the ATP requirement for decar. 
boxylation. 

On the basis of these observations and of other data previously reported, 
a four-step reaction sequence was proposed for malonate decarboxylation, 


Addendum—After this article had been submitted for publication, an abstract by 
Havaishi (10) appeared, in which our equations (1), (2), and (3) in the introduction 
were proposed as a plausible mechanism for malonate decarboxylation. 
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THE EFFECT OF OSMOTIC PRESSURE ON 
SUCCINOXIDASE ACTIVITY* 


By DAVID B. TYLER 
(From the University of Puerto Rico, School of Medicine, San Juan, Puerto Rico) 


(Received for publication, January 18, 1954) 


Structural damage to mitochondria is known to cause diverse effects on 
the activities of enzymes linked to those particles (2). Some systems are 
activated or have their activity enhanced by many procedures damaging 
to the mitochondria, while others suffer considerable loss in activity (2). 
Hypotonic solutions are frequently employed to disrupt structural integ- 
rity, and, when increases in activity occur as a result of treatment with 
such solutions, it is a commonplace to attribute the phenomenon to an al- 
teration in permeability. However, with a few exceptions (3, 4), most 
studies of this kind ignore the possibility that, independently of their effects 
on the structure or membrane permeability, media of different osmotic 
pressures may exert also a direct physical action on the enzyme. In this 
report we shall show that the activity of the succinoxidase complex is 
affected by the osmotic pressure of the medium, irrespective of the struc- 
tural state of the mitochondria. 


Methods 


In general, the methods employed in this study involved (1) comparing 
the succinoxidase activity of whole homogenates or mitochondria prepared 
in solutions of different osmotic pressures; (2) determining the effect of 
media of different osmotic pressures on the activity of a mitochondrial 
preparation in which structure was previously destroyed either by pro- 
longed exposure in water or by mechanical vibration. Since ions are 
known to exert a direct action on enzymes (5) the non-electrolyte sucrose 
was used for preparing solutions of different osmotic pressures. 

Preparation of Whole Homogenates—The tissues of decapitated rats or 
guinea pigs were prepared by mincing the entire organ on a chilled glass 
slide and homogenizing weighed aliquots in the different solutions to be 
studied. An all-glass hand homogenizer was used, and the final volumes 
were made up to give 10 per cent suspensions. Where indicated in the 
results, whole homogenates refer to such preparations without any further 
treatment. 

* This work is supported in part by a grant from the Life Insurance Medical Re- 


search Fund. Part of this work was presented at the Nineteenth meeting of the In- 
ternational Physiological Congress at Montreal, September, 1953 (1). 
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Mitochondria‘ were always prepared from a 0.25 m sucrose suspension of } 
whole homogenates. These suspensions were given two preliminary centri. } 
ugations at 600 X g for 10 minutes each to remove most of the cellular | 
débris and nuclei. Equal volumes of the final supernatant fluid were pi. | 
petted into several tubes, and the lot was subjected to a force of 20,00 | 


x g for 30 minutes. The resulting supernatant fluid was then discarded, 


and the sediments in the various tubes were made up with different solu. f 


tions, as described below. 


Structural Damage—This was produced in two ways: (1) By ‘water } 


damage”’ in which the mitochondrial sediment in one tube of the lot was 
resuspended in a volume of glass-distilled water usually equal to the volume 
of the aliquot used. The sediments in the other tubes were resuspended 
in various sucrose solutions and made up to identical volumes. The whole 


lot was then kept in an ice bath for periods up to 24 hours. (2) ‘“Frag- | 
mented”’ mitochondria were prepared by exposing either a water or a 0.25 | 


M sucrose suspension of mitochondria for 20 minutes in a Mickle? vibrator 
which was kept in a freezer to prevent large rises in temperature (range 
during exposure from 5-10°). The controls were unfragmented mito- 
chondria of the same lot. 

Succinoxidase activity was measured in conventional Warburg flasks; 
the main compartment contained the enzyme (plus water or sucrose to 
make up the desired osmotic pressure and volume) and the phosphate 
buffer. The side arm contained the succinate and cytochrome c (Sigma). 
These were tipped in exactly 8 minutes after placing the vessels in the bath 
(2 minutes before the initial reading). All reactants (enzyme, buffer, suc- 
cinate, and cytochrome c) were kept constant from vessel to vessel, the 
only variable being the sucrose concentration. Succinic dehydrogenase ac- 
tivity was determined aerobically with methylene blue in the presence of 
either sodium cyanide or sodium azide. Cytochrome oxidase activity was 
measured with either freshly prepared p-phenylenediamine or ascorbic acid 
(added from the side arms). The final concentrations appear in Tables I 
to IV. 

Nitrogen was determined on all the differently prepared homogenates 
and mitochondrial suspensions by micro-Kjeldahl] distillation. The data 
in the Tables I to IV are from typical experiments made on about 100 
animals. Representative samples of a tissue were used for each experi- 
mental procedure in a series. 


1 This sediment is called mitochondria for convenience, as we are concerned, pri- 
marily, with the succinoxidase system, an enzyme complex shown to be linked to 
these granules (2). However, microscopic examinations indicate that, although the 
particles, for the most part, are of the general dimensions of mitochondria, other 
cytoplasmic components are present. 

2H. Mickle and Company, Hampton, Middlesex. 
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Results 


Whole Homogenates—A typical experiment is presented in Table I. It 
ean be seen that samples of the same tissue homogenized in solutions of 
different sucrose concentrations show a decrease in the initial succinoxi- 
dase activity (first 10 minutes) as the tonicity of the reaction medium in- 
creases. Four tissues (liver, heart, kidney, and brain) of rats and guinea 
pigs were studied. In all instances, except brain, water homogenates 


TABLE I 
Effect of Homogenizing in Media of Different Osmotic Pressures on Succinoxidase 
Activity (Rat) 
Succinoxidase activity in microliters of O2 consumed per mg. of N per hour for 
each 10 minute interval. 


Liver Brain 
0.18 0.36 0.16 0.18 0.36 0.16 
Time 
min. 
10 220' 500° 200 410; 180) 360) 200 380 165) 295) 175) 195) 160) 230| 140, 175 
20 175) 350; 180; 350; 155 350 155 310 100 200 110 150 110 175 115) 145 
30 65 70 85) 150 115 190 85 170 75' 120 80 105) 85) 105 105) 125 


Enzyme concentration, 1 ml. of 10 per cent whole homogenate or of mitochondria 
obtained from an equivalent of 1 ml. of 10 per cent whole homogenate. Final con- 
centrations in flasks, sucrose as indicated, phosphate 0.01 m (pH 7.4), succinate 0.01 
m, cytochrome c 6 X 1075 mM; volume, 2.0 ml.; temperature, 38°; gas phase, air; equi- 
libration, 10 minutes; vessels tipped 2 minutes before initial reading (see the text). 

* Whole homogenates. 


(measured in hypotonic medium) have a higher initial activity than do 
sucrose or saline homogenates. 

Mitochondria—Similar results are obtained with mitochondria; those 
damaged by suspension in water for periods up to 24 hours and meas- 
ured in hypotonic medium have a higher activity than representative sam- 
ples from the saine lot maintained and measured in a medium containing 
sucrose. The enhancing effect on exposure to water is an immediate one, 
and similar results are obtained if mitochondria are used immediately 
after suspension in water or after 8 hours of exposure. After this time, 
continued exposure, as well as permitting undamaged mitochondria to 
stand in sucrose solution, results in a gradual loss of activity, and hence 
after 12 to 24 hours erratic results are frequently obtained. 


on of 

trif- 
lular 

e pi 

000 
rded, 
Solu- 

ater 

was 
lume 

ded 
rag- 

0.25 

ator 
ange 

ito- 

sks: 
e to 

ate 

na). 
yath 
the 

ac- 
> of 
was 
icid 
os | 
ites 
ata 
100 | 
eri- | 
pri- 
| to 
the 
her 


896 SUCCINOXIDASE ACTIVITY 


It will also be noted that, whereas the activity of whole brain homoge. 
nates is little affected by water homogenization, that of the mitochondry 
suspended in water is significantly enhanced. Thus, it appears that ther 
is material in the whole water homogenates of brain that protects th 
mitochondria from the enhancing effects of the water treatment. 

Results with Previously Damaged Mitochondria—In order to determine 
whether the effects of osmotic pressure on succinoxidase activity wer 
due to alterations in permeability, a series of studies was made in which 
structurally damaged mitochondria were used. The activity of thes 
preparations was measured in flasks in which the concentration of sucros 
was varied to give a desired final osmotic pressure. It can be seen (Table 


TaBLeE II 


Comparison of Effect of Media of Different Osmotic Pressures on Rate of Initial 
Succinozidase Activity of Various Preparations of Guinea Pig Liver 
Mitochondria 


Succinoxidase activity in mg. of N per hour for the first 10 minutes after tipping 


| Sucrose concentration 
0.0 0.18 M 0.36 M 
Undamaged. 390 325 | 380 
Water-damaged........ | 510 400 | 320 | 390 
Fragmented........... | 180 | 140 | 95 | 105 
‘“‘Undamaged”’ = ‘‘native’’ mitochondria in 0.25 mM sucrose; ‘‘water-damaged” 

= mitochondria in glass-distilled water; ‘‘fragmented’’ = water suspension frag. 


mented as described in the text. All preparations were from the same liver and 
were kept in an ice bath for 6 hours until assayed. Other conditions as in Table I. 


II) that the initial rate of activity of a suspension of mitochondria exposed 
- to water for 6 hours is dependent on the osmotic pressure in the reaction 
flask. Furthermore, if we compare the activity of water-damaged mito- 
chondria measured in a flask giving a final concentration of, say, 0.18 
sucrose with that of an undamaged suspension from the same lot prepared 
in 0.25 m sucrose and added to a flask giving also a final concentration of 
0.18 m sucrose, identical initial rates of succinoxidase activity are obtained 
with the two preparations. Similar rates are found for the two different 
preparations if the final concentration of sucrose in the Warburg flasks is 
raised to 0.36 m or if two mitochendrial preparations are used, one of which 
is originally suspended in water and the other in 0.16 m NaCl; the activities 
are then measured in flasks in which the final concentration of saline is the 
same. These results indicate that the osmotic effects on succinoxidase ac- 
tivity are reversible. 
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Results similar to those in Tables I and II are obtained with very dilute 
suspensions of enzymes (Table JJI), showing that the concentration of 
enzyme used is not a factor. 

Fragmentation of mitochondria causes considerable loss in succinoxidase 
activity (Table II). This loss occurs whether or not fragmentation is 
produced on a sucrose or water suspension of mitochondria. Altering the 
osmotic pressure of the medium in the Warburg flasks produces effects on 
fragmented mitochondria similar in direction to those produced on ‘‘water- 
damaged” mitochondria, the only difference being the level of the initial 


TABLE III 


Effect of Osmotic Pressure on Initial Succinoxidase Activity with Varying Amounts of 
Enzyme (Rat Liver) 


Succinoxidase activity in mg. of N per hour for the first 10 minutes after tip- 
ping. 


| Mitochondria* Whole homogenate 

Enzyme | Sucrose Sucrose 
0.0 | | | | 0.55 0.68 0.0+ 0.55 mt 
| | 

mil. 

0.1 | 920 | 870 | 710 | 600 | 580 | 390 175 

0.2 ~ 1090 | 980 890 800 775 570 370 195 

0.3 | 920 855 785 730 635 330 | 200 

04 655 «560 | 480 | 405 380 210 


* A water suspension containing 1.71 mg. of N per ml. 

+t Liver homogenized in water; contained 4.1 mg. of N per ml. 

t Homogenized in sucrose; contained 4.0 mg. of N per ml. Experimental condi- 
tions as in Table [. 


activity of the two preparations. Again it can be seen that, even with 
these fragmented particles, as tonicity of the medium increases, activity 
decreases. Since these osmotic effects on succinoxidase activity are pro- 
duced on fragmented mitochondria as well as on those damaged by water, 
it appears that the mechanism of action of the osmotic effect is other than 
that due to an alteration of permeability. These results suggest caution 
in interpreting increases in activity which may occur as a result of cellular 
disruption, due solely to permeability phenomena. 

Effects on Cytochrome Oxidase and Succinic Dehydrogenase A ctivities— 
The effects of osmotic pressure and structural damage on some components 
of the succinoxidase complex are shown in Table TV. Comparing the ac- 
tivities of undamaged (0.25 m sucrose suspension of ‘native’? mitochon- 
dria), water-damaged (water suspension of mitochondria), and a fragmented 
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preparation (in sucrose 0.25 M) in flasks containing water or sucrose as in. } 
dicated shows that water damage increases the succinic dehydrogenase and } 
cytochrome oxidase activities. On the other hand, the loss in succinoyi- 
dase activity as a result of fragmentation appears to be due to injury to f 


some part of the dehydrogenase component as the cytochrome oxidase ac. 


tivity is unaffected. Fragmenting mitochondria of heart, kidney, and | 


brain gives similar results. 


If an aged water suspension of mitochondria is used (Table IV) and the } 
amount of sucrose is adjusted in the Warburg flasks to give final concentra. } 


tions as indicated, similar values are obtained, again suggesting the re. 


TABLE IV 


Succinoxidase, Succintc Dehydrogenase, and Cytochrome Oxidase Activity of Different 
Types of Mitochondrial Preparations (Guinea Pig Liver) 


Activity in mg. of N per hour. 


| Succinoxidase | | Cytochrome oxidase 
Undamaged, 0.25 M sucrose....... | 360 | 110 | 1030 
Fragmented, 0.25 M sucrose........ 155 | 65 | 1060 
Water-damaged.................. | 540 | 175 | 1280 


Preparations similar to those in Table II except that a mitochondrial suspension 
in sucrose was used for fragmenting. Succinic dehydrogenase determined with 
enzyme and NaCN (0.02 M) in the main compartment and methylene blue (0.001 w) 
in the side arm. Cytochrome oxidase was determined with 2.0 mg. of ascorbic acid 
(neutralized to pH 7.4 with 0.1 N NaOH) and cytochrome c in the side arm. Water 
or sucrose as indicated. All other conditions as in Tables I and IT. 


versibility of the osmotic effects on separate components of the succinoxi- 
dase complex. 

It will be noted (Table I) that, although hypotonic solutions result in a 
higher initial rate of activity, the rate of falling off is faster. This, in a 
large measure, is due to a faster depletion of substrate in the hypotonic 
medium than in the sucrose medium. It is not due to injury or inactiva- 
tion of the enzyme (1). However, work is currently in progress to deter- 
mine whether other factors may be responsible for this faster rate of falling 
off. The possibility that hypotonic media may interfere with the produc- 
tion or removal of inhibitors of the succinoxidase system (oxalacetate and 
a-ketoglutarate) is suggested by other work (6). 

The level of activity found in isotonic NaCl is given for comparisons in 
Tables I and II. It can be seen that preparations in this medium have 
an initial rate similar to that found with 0.18 m sucrose. However, the 
rate is maintained better during the next 20 minutes (Table I). 
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DISCUSSION 


The results indicate that water treatment increases succinoxidase ac- 
tivity rather than decreases it, as reported by others (7, 8). This dis- 
crepancy may be due to the procedures employed. It is to be noted that 
succinic oxidation falls off very rapidly. If the substrate is placed in the 
main compartment together with the enzyme, a considerable drop in ac- 
tivity can occur during the 10 minute equilibration period which may mask 
the true initial rate. This is a method commonly employed by others 
(7,8) and may be the main reason for the disagreement between our results 
and theirs. Furthermore, the absence of a substrate during 8 minutes of 
equilibration can result in the inactivation of many enzymes not so hardy 
as the succinoxidase complex (9), and some of these systems may be in- 
directly involved in regulating succinoxidase activity through the produc- 
tion or removal of inhibitory intermediates such as oxalacetate and a- 
ketoglutarate. 

Since similar effects by change in osmotic pressure are obtained on frag- 
mented mitochondria as well as on water-damaged preparations, the mech- 
anism of action cannot be explained solely as a permeability phenomenon. 
Exposure to water, even for prolonged periods, does not cause complete 
disruption of all mitochondria (10), and partial restoration of swollen mito- 
chondria may be brought about by adding such preparations to hyper- 
tonic sucrose solutions (11). This may occur in some of the experiments 
reported here with “‘water-damaged”’ preparations. However, it is quite 
unlikely that restoration of structure or alteration in permeability is a 
factor involved with mitochondria fragmented into unrecognizable pieces 
by mechanical vibration.’ 

It is clear from the results that the effects of osmotic pressure on this 
enzyme system are reversible and that the factor determining the level of 
activity is not the tonicity of the medium in which the tissue is homoge- 
nized, but the tonicity in the flasks in which activity is measured. 

Two mechanisms suggest themselves to account for this action of osmotic 
pressure on the succinoxidase complex. ‘The first is a direct one due to a 
physical action on the enzyme complex. This is suggested by work of the 
investigators at the Molteno Institute (3, 4). The second involves an 
indirect mechanism due to some action on systems responsible for the pro- 
duction or removal of oxalacetate. This possibility is suggested by the 
effect of sucrose in activating a water suspension of a fatty acid-oxidase 
complex (12). Both possibilities are currently under study. 


* Gross examination of such preparations reveals an opalescent, yellowish solution 
which does not readily settle on standing. Microscopic examination reveals only an 
occasional intact spherical particle of the general dimensions of mitochondria. 
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SUMMARY 


Increase in osmotic pressure brought about by different concentrations 


of sucrose results in a decrease in the activity of various components of the 
succinoxidase complex, irrespective of the structural state of the mito- 
chondria. 


I am indebted to Miss Graciela Coll Camalez, Mrs. Armonia Stiehl, and 


my wife, Matilda Tyler, for excellent technical assistance. 
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STUDIES ON MYOSIN 
Il. SOME MOLECULAR-KINETIC DATA* 


By ROBERT G. PARRISHf anv W. F. H. M. MOMMAERTSt 


(From the Department of Biochemistry, Duke University 
School of Medicine, Durham, North Carolina) 


(Received for publication, December 28, 1953) 


The study of myosin by the methods of ultracentrifugation and diffusion 
has led to a widely accepted value of about 850,000 for the molecular 
weight (17, 18, 25, 26). Our own studies on this protein, conducted since 
1949, failed to give similar clear cut results with these same methods. On 
the contrary, several physical properties of this protein were found to be so 
anomalous that no unequivocal results could be obtained. 

We report in this publication a number of data pertaining to the density, 
diffusion, ultracentrifugal sedimentation, and boundary spreading of myo- 
sin. Of these, the measurement of the partial specific volumes leads to 
straightforward results; the others illustrate the difficulty of the subject 
at this moment, without leading to definite conclusions, and indicate that 
further studies are necessary. Meanwhile, current work by Rupp and 
Mommaerts with the light-scattering method indicates a molecular weight 
of only 650,000. 


Methods 


Myosin—The protein was prepared from rabbit muscle by the method of 
Mommaerts and Parrish (14). It was dissolved in 0.4 m KCl buffered 
with potassium phosphate at pH 6.8 to a total ionic strength of 0.5; its con- 
centration was determined by the Kjeldahl procedure on the basis of a 
nitrogen content of 16.2 per cent. | 

Density—Solutions of myosin were measured in capped pycnometers of 


* This investigation was supported by research grant No. H-229 from the National 
Heart Institute of the National Institutes of Health, United States Public Health 
Service. 

t Present address, Cavendish Laboratory, Cambridge, England. This work was 
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t Present address, Department of Biochemistry, School of Medicine, Western Re- 
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5 ml. capacity, at a temperature of about 26.3°, which was constant to 
within 0.03°. 

Ultracentrifugation—Measurements were made with the Spinco instry- 
ment. The inside of the cell was coated with paraffin. In each run, fiye 
to ten photographic exposures were taken at intervals up to 32 minutes as 
required. 

Observations were made at temperatures between 13° and 33° and at 
rotor speeds between 17,980 and 59,780 r.p.m. For measurements at low 
temperatures, the cell was cooled before being filled; the rotor was cooled 
or heated to the desired temperature, the filled cell placed in position, the 
assembled rotor placed in the rotor chamber (precooled in the case of low 
temperature runs), and the rotor temperature measured. ‘The limited ade. 
quacy of these procedures will be discussed later. 

Diffusion—Measurements were carried out in the Tiselius apparatus con- 
structed by Frank Pearson Associates, New York. A standard electro- 
phoresis cell was used which contained protein to about the middle of each 
limb. The boundary of one limb was centered in the optical axis of the 
instrument and was sharpened by capillary aspiration according to Kahn 
and Polson (6). Diffusion coefficients were computed from tracings (made 
at 5-fold linear magnification from photographs obtained with the schlieren 
scanning procedure) by the inflection point method and the maximal or- 
dinate-area method (15, 27), and by the maximal ordinate-area-inflection 
point method (10). The viscosity of the medium was determined experi- 
mentally (16). 

Boundary Spreading—Boundary patterns, photographed at various in- 
tervals during sedimentation, were evaluated as for diffusion measure- 
ments after being traced at 23.5-fold linear magnification. Heights and 
areas were measured from the tracings, and corrected for dilution due to 
the sector shape of the cell and for variations in bar angle. Apparent dif- 
fusion constants (‘“‘spreading constants’) were computed by Svedberg and 
Pedersen’s Method I (23). 


Results 


Density Measurements in Aqueous Solvent—Measurements of the densi- 
ties of myosin solutions in buffered KCl are summarized in Fig. 1 (insert), 
in which the specific volume of the solutions is plotted against the weight 
fraction, W2, of the protein. The line has been drawn according to the 
method of least squares, increasing significance being given to the indi- 
vidual points in proportion to the weight fractions of the solute. The 
viscosity of the solutions set an upper limit to the concentrations at which 
measurements were practicable. 

Calculation of the partial specific volume from these data gave a value of 
v = 0.728 at about 26°. 


by 
we 

W 
ove 

aft 
FI 

sion 

inse 

SUS] 

sta 

mo 
and 
had 

the 
| eter 

me 

tlo 


nsi- 
ort), 
ight 

the 
ndi- 
The 
hich 


of 


R. G. PARRISH AND W. F. H. M. MOMMAERTS 903 


Density Measurements in Non-Aqueous Media—Myosin was crystallized 
by dilution of freshly prepared solutions with water, and the precipitates 
were triturated with water at 0° until the protein swelled to a gel. This 
was dialyzed against water at 4° for 1 week. The salt-free gel was dried 
over P2Os, first in the cold, then in vacuo at room temperature, and finally 
after being powdered, at 110° in vacuo over P.O; until its weight was con- 
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Fic. 1. Pyenometrically determined specific volumes, v, of solutions and suspen- 

sions of myosin as a function of the weight fraction, W2, of the protein. A (and 

insert figure), myosin in buffered KCl. Other curves from top to bottom, myosin 
suspended in xylene, ethanol, and nitrobenzene. 


stant. Heating was thus avoided until essentially all water had been re- 
moved. 

The dry protein was then weighed by difference into the pycnometer, 
and the powder was immediately covered with the organic solvent which 
had previously been dried and distilled. In all, the protein was exposed to 
the atmosphere no longer than 10 to 15 seconds. The partly filled pyenom- 
eter was then evacuated at about 30° to remove dissolved and occluded 
gases and to facilitate complete wetting of the protein. In these measure- 
ments, higher protein concentrations could be used than with aqueous solu- 
tions. 
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Results of these measurements are presented in Fig. 1, evaluated accord. 
ing to the least squares method, giving equal significance to the individual 
points. The following values were obtained for the specific volumes: 0.78% 
in xylene, 0.782 in nitrobenzene, 0.760 in ethanol. 

Calculation of Partial Specific Volumes—Since no complete analysis of 
pure myosin has been undertaken, calculation (2, 11) of the partial specific 
volume from the amino acid composition is approximate. We have ae. 
cepted Bailey’s figures (1) with a revision of the values for glutamie and 
aspartic acids according to Mihdalyi’s titration data (12). The specific 
volumes of the amino acid residues were taken from Cohn and Edsall (2), 
A value of 6 = 0.735 was obtained. Table I gives a compilation of the 
various reciprocal density values obtained with different methods. 


TABLE I 
Values for Specific Volume of Myosin 


S cific 

Method | ‘lame | Remarks 

Pycnometric measurement 0.728 Value f for volume in 
aqueous medium 

Calculation from composition 0.735 | Should be identical with previous 


value, but composition of protein 
not accurately known 
Pycnometry in 


Ethanol 0.760 Values cover range for true specific 
Xylene 0.786 volume without solvent striction 
Nitrobenzene 0.782 


An effort was made to determine the effective specific volume from sedi- 
mentation measurements in sucrose solutions. Because of experimental 
difficulties, no certain results were obtained, but nothing indicated that the 
density estimated in this manner differs significantly from that obtained 
by direct measurement (20). 

Sedimentation Constant As Function of Concentration—A large number of 
sedimentation runs have been carried out at 59,780 r.p.m. with myosin 
solutions of various concentrations, in attempts to duplicate the findings 
of previous investigators. The results of these measurements showed ap- 
preciable scattering. The reproducibility did greatly increase, however, 
when only those points were plotted which were obtained at nearly the 
same temperature. The results of measurements performed at 23.6° + 
1.5° are shown in Fig. 2, revealing a reproducibility which compares fav- 
orably with other published data. The extrapolated value, soo. = 6.66, 
is identical with that in our preliminary statement (14). We emphasize 
in this connection that we find no reason for any other procedure than ree- 
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tilinear presentation up to a concentration of 0.3 to 0.4 per cent (line of 
regression, $20.0 = 6.66 + 5.21 ¢, where c equals concentration). 

If it is assumed that in the Spinco instrument in runs at 59,780 r.p.m. 
the temperature is systematically measured almost 1° too high (24), the 
extrapolated sedimentation constant 20,0. would be about 6.85 instead of 
6.66 at 23.6°. Since there is no agreement on this point, we have not com- 
puted the results on this basis. 
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PERCENT PROTEIN 
Fic. 2. Concentration dependence of the sedimentation constant of myosin at 
59,780 r.p.m., at 23.6° + 1.5°. @, experimental points obtained directly within the 
indicated range of temperature; A, values obtained from the least square lines of 
Fig. 3, interpolated for 23.6°. 


Dependerice of Sedimentation Constant upon Temperature—As defined in 
elementary theory, s20,~ is independent of the temperature and of param- 
eters such as the rotor speed at which the measurement was made. In 
the present case, however, it was found that the sedimentation constant, 
even after reduction to 20°, was still dependent on the temperature during 
the measurement. We have measured the temperature dependence of 
829.» iN numerous experiments, both at different concentrations and at dif- 
ferent rotor speeds (Fig. 3). 

We must emphasize the limited accuracy of these measurements. With 
room temperature regulated at 20—24°, rotor temperatures are considered 
reliable when measured in that interval (apart from the systematic uncer- 
tainty up to 1° previously alluded to). The measurements are less certain 
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at both ends of the range, 13-33°, since considerable heat exchange cap 
take place before evacuation of the chamber. Furthermore, runs at loy 
temperature as well as those at low rotor speeds lasted much longer, 
leading to larger changes in temperature during the run, inadequately ap. 
proximated by averaging the initial and final rotor temperatures. 

When for a given concentration and interpolated temperature, 89 ,, is 
evaluated for different rotor speeds, the suggestion arises that the sedi. 
mentation constant is likewise dependent on this factor. More accurate 
measurements are required, however, to elaborate on this point. 


42,042 RPM 


° 


17980 RPM 


15 20 25 30 15 20 25 30 
DEGREES, CENTIGRADE 

Fic. 3. Temperature dependence of the sedimentation constant of myosin at 59,780 
r.p.m., 42,042 r.p.m., 31,410 r.p.m., and 17,980 r.p.m. In each section, the individual 
lines refer to protein concentrations of 0.25 (top), 0.38, 0.50, 0.76, and 1.30 (bottom) 
percent. Sedimentation constants are expressed as s29,~, obtained for each tempera- 
ture by the usual correction procedures for solvent viscosity, etc. The effect of 
hydrostatic pressure upon the solvent density was not taken into account, since it is 
negligible compared to the other limitations of the accuracy. 


X 10" 


Diffusion—Measurements were made at 1.1°, and this temperature was 
maintained within +0.01° (3). Diffusion runs lasted up to 4 days and at 
least five exposures each. The results in Fig. 4 represent the means of the 
values obtained by the three methods of computation and are expressed 
as Doo, by application of the appropriate temperature and viscosity cor- 
rections. A value of Doo. = 1.073 K 10-7 was obtained by extrapolation 
to zero concentration; corrected by an instrumental constant of 0.9777 
(21), the final result became 1.05 & 107’. 

_ In order to judge whether diffusion proceeds normally, one experiment 
was undertaken in which diffusion lasted 6 days, whereupon the curve was 
transposed into normal coordinates with the standard procedure (15). 
The diffusion curve was strictly symmetrical (see Fig. 5). It coincides 
with the normal distribution curve except for a sharpening at the top, due 
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possibly to some heterogeneity, although the difficulty of tracing the curve 
in this region may have played a rdle. 


Deo.w x 1077 


0.9: 


02 04 06 
PER CENT PROTEIN 

Fic. 4. Dependence of the diffusion constant of myosin upon the protein concen- 
tration. Line is drawn by the method of least squares. 


4 3 2 | 6) | 2 3 4 
Fig. 5. Comparison of an experimentally obtained diffusion curve (@) in normal 
coordinates with the corresponding theoretical distribution curve (full line). Pro- 
tein concentration 0.60 per cent, temperature 1.10°, diffusion time 502,860 seconds. 
The solvent side of the boundary is to the left of the bisecting ordinate. 


Reversible Boundary Spreading—In cases of uncomplicated sedimenta- 
tion of a pure substance, the boundary spreads through tree diffusion. In 
the presence of a considerable interaction, the solution side of the boundary 
sediments more slowly than the solvent side, because of the dependence 
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upon concentration of the sedimentation constant, thus leading to a sharp. 
ening effect. The occurrence of such an effect can be clearly demonstrated 


Fig. 6. Reversible ultracentrifugal boundary spreading and sharpening of myosin; 
full record of a four-phase experiment. Protein concentration 0.45 per cent, mean 
temperature 15.4°, bar angle 60°. First diagram, after acceleration to 59,780 r.p.m. 
_The rotor was then decelerated to 20,410 r.p.m., and after 11 minutes the second ex- 
posure was made, followed by five additional exposures at 16 minute intervals, and 
six exposures at 32 minute intervals. The rotor speed was then brought to 59,780 
r.p.m. (thirteenth and fourteenth exposures at 4 minute intervals; fifteenth to twenty- 
first exposures at 8 minute intervals; end of third row of diagrams). This is followed 
by a period of 20,410 r.p.m. (twenty-second to twenty-sixth exposures at 16 minute 
intervals), and a final period at 59,780 (twenty-seventh to thirty-fifth exposures at 4 
minute intervals). The boundary spreading at low speed and its reversal at high 
speed are clearly visible. 


by changing the rotor speed during a sedimentation run so as to cause alter- 
nate spreading and sharpening. 

A complete record of such an experiment appears in Fig. 6. The bound- 
ary was rapidly removed from the meniscus at high rotor speed, whereupon 
sedimentation was continued at low rotor speed for nearly 5 hours, during 
which progressive spreading took place. During subsequent acceleration 
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to high rotor speed and sedimentation for 40 minutes, the boundary sharp- 
ened, closely approaching the original shape. Very sharp boundaries could 
not be evaluated, because the light beam corresponding to the center of 
such a boundary was deflected beyond the aperture of the camera, as shown 
by the vertical dark line on the pattern. Deceleration and sedimentation 
at low speed (about 1 hour) again produced progressive spreading, after 
which the boundary was sharpened once more. 

During these operations, the boundary had traversed about three-fourths 
of the cell without loss of symmetry, or without change of area (corrected 
for sector shape); in other experiments, sedimentation was even continued 


50 


40 ACC. 


0 8 16 24 32 
TIME IN SECONDS, x 
Fic. 7. Reversible ultracentrifugal boundary spreading and sharpening of myosin, 
plotted according to Svedberg and Pedersen (23). For explanation, see the text. 
First phase, boundary spreading at 20,410 r.p.m.; the arrows denote acceleration; 
second phase, sharpening at 59,780 r.p.m.; deceleration at arrows; third phase, 20,410 
rp.m.; fourth phase, 59,780 r.p.m. 


to the bottom of the cell with no indication of heterogeneity. Without 
adding rigid proof, such observations lend considerable support to previous 
claims of homogeneity (14). 

The same experiment has been analyzed in Fig. 7 according to the first 
procedure of Svedberg and Pedersen (23), corresponding to the maximal 
ordinate-area method. The diffusion constant effective in the spreading 
of the boundary is expressed as | 
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A is the area and H the maximal ordinate of the boundary. In Fig. 7, 
the quantity plotted as the ordinate is, in the ideal case, a linear function 
of time, its slope being proportional to D. Since, in runs at variable rotor 
speed, both w and s are variable, the last term in kp changes in each phase 
of a run; s was measured for each phase separately, and for each phase a 
new zero time was introduced from which the time, ¢, was counted. The 
over-all (w’st) terms were then evaluated as the sum of the value obtained 
in the nth phase at the time of acceleration or deceleration into the (n + 
1)th phase, plus the individual values calculated during the (n + 1)th 
phase. 


TABLE II 
Values for Apparent Diffusion or Spreading Coefficients in Ultracentrifuge 


Concentration Temperature Rotor speed $20,0 X 10% Ey 107 
per cent r. p.m. 
0.34 17.7 20,410 4.45 0.60 
59 , 780 4.01 —3.25 
0.45 15.4 20, 410 3.78 0.37 
59 , 780 3.33 —2.35 
20,410 3.43 0.51 
59 , 780 3.67 —1.64 
0.54 16.2 20,410 3.70 0.44 
59, 780 3.23 —2.46 
20,410 3.36 0.53 
59,780 3.38 —2.01 
0.68 | 20.0 20, 410 3.95 
| 59, 780 3.67 —2.12 


In the present case, the plot of (kpA*/H?,,) against time is not straight 
but curvilinear, owing to the sharpening effect. After acceleration, the 
increased sharpening process results in an inversion of the curve; subse- 
quent deceleration and acceleration cause a repetition of these phenomena, 
demonstrating the reversibility of the process. The initial slopes of the 
curves have been taken to arrive at numerical values for the apparent dif- 
fusion coefficients, listed in Table II as spreading coefficients. These val- 
ues are inaccurate, since such small schlieren photographs as obtained can- 
not be traced and measured with precision. 


DISCUSSION 


Our measurements of the partial specific volume of myosin fill a need for 
the study of the molecular properties of this protein; hitherto, values of 
v were based upon a single measurement (22). Combination of our meas- 
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yed value, taken as 0.725 at 20°, with the sedimentation and diffusion 
data of Portzehl et al. (17, 18, 25, 26) would give a value near 770,000 in- 
stead of 860,000 showing that the agreement obtained between ultracen- 
trifugally and osmotically determined molecular weights depends in part 
on the value of 3. 

Measurement of the density in non-aqueous media was undertaken to 
obtain some information of the interaction between myosin and water. 
Comparison between the values of 5 in water and in xylene and nitroben- 
zene would indicate a volume constriction of solvent water of more than 
0.05 ml. If myosin has about 315 ionizing groups per 100,000 gm. of pro- 
tein (12) and if an electrostriction of about 20 ml. per mole is caused by a 
pair of widely separated charges (2), 0.032 ml. of constriction per gm. of 
protein would be accounted for by electrostriction caused by ionizing 
groups, the remainder being due to interaction with other hydrophilic 
groups. Some striction occurs also in ethanol. These conclusions are 
based on the assumption that high values of din xylene and nitrobenzene 
are not, in part, due to incomplete wetting. 

We have no explanation for the deviation of our value of the sedimenta- 
tion constant, Soo,» = 6.66 (at 23.6° + 1.5°) and the higher values of 7.2 
and 7.1, obtained by earlier authors (4, 17, 18, 22, 25, 26). A value still 
lower than ours has been reported, namely 6.2 (13); this was obtained at 7° 
and is, therefore, not strictly comparable. Kessler and Spicer (7) report 
so.» = 5.15 at 0.2 per cent myosin; this is below our corresponding value 
(Fig. 1) and was likewise obtained at a lower temperature, viz. 10.7°. 

After reduction to 20°, the values of the sedimentation constant are still 
dependent on the temperature. We are aware that a similar result for 
another protein (8) was traced to erroneous computation, but in our cal- 
culations we took cognizance of this. Furthermore, the temperature de- 
pendence is variable and is greatest at low rotor speed. The temperature 
dependence of the sedimentation constant of myosin! is one of the out-. 
standing features of this protein. It might most readily be explained by 
a reversible dimerization or other form of association, which would have 
to be endothermic,? but our light-scattering studies give no indication of 
this? Alternatively, the molecule might contract at a higher and expand 
at a lower temperature; in that case, the diffusion constant would decrease 
at lower temperature, while in reality our value at 1.1° is considerably 
above that of Portzehl (17) at room temperature. Whatever its explana- 
tion, the effect seems to preclude any evaluation of the molecular weight 


' This effect has also been observed by Laki (personal communication). 

*Compare Laki et al. (9) for indications of an endothermic aggregation between 
myosin and actin. 

*It is possible that such association would not occur in stationary solutions, but is 


promoted by forced sedimentation as an activation process (5). 
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on the basis of the ultracentrifugal method for the present. There ig 
furthermore, a suggestion that the sedimentation constant also depends 
on the rotor speed and would require extrapolation to zero centrifugal 
field to become of use in connection with other physical measurements. 
However, owing to the lack of direct information about the rotor tempera. 
ture, the measurements are not reliable enough for this analysis at the 
present time. 

The sedimentation is quite strongly dependent on concentration because 
of particle interaction. This concentration dependence offers a formal ex. 
planation of the sharpening effect during ultracentrifugal sedimentation 
which has been described in this paper. We do not wish to include a quan- 
titative discussion of the phenomenon at the present time, but point out 
that our observations of the sharpening effect (see Schachman (19) for 
similar observations on tobacco mosaic virus) are not necessarily in dis- 
agreement with the statement by Portzehl (17) that the boundary spread- 
ing is practically equal to that expected from free diffusion, on account of 
differences in concentration and other parameters. 

Each of the phenomena described in this work requires further study. 
The only conclusion emerging is that the behavior of myosin in ultracentrif- 
ugal sedimentation and diffusion experiments is too complicated to per- 
mit the calculation of molecular weights at the present time. 


SUMMARY 


The partial specific volume of myosin in an aqueous medium has been 
measured; } = 0.728. Specific volumes in non-aqueous media have also 
been determined. The ultracentrifugal sedimentation constant, at vari- 
ous concentrations of myosin and at different rotor speeds, has no definite 
value, but depends on the temperature. At 23.6° + 1.5°, seo. at zero pro- 
tein concentration equals 6.66 107-%. 

The diffusion constant at 1° equals 1.05 10-’. 

A considerable boundary sharpening effect during ultracentrifugal sedi- 

mentation of myosin has been described. 
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CYTOCHROME 6b; AND THE DIHYDROCOENZYME I- 
OXIDASE SYSTEM IN THE CECROPIA 
SILKWORM* 


By A. M. PAPPENHEIMER, Jr., an»p CARROLL M. WILLIAMS 


(From the Department of Microbiology, New York University College of Medicine, New 
York, New York, and the Biological Laboratories, Harvard University, 
Cambridge, Massachusetts) 


(Received for publication, November 24, 1953) 


Keilin and Hartree (1) observed the wide-spread occurrence in tissues 
of a pigment which they termed cytochrome e, that had an absorption 
band at 552 to 553 my at the temperature of liquid air. They demon- 
strated its presence in yeast cells, mammalian heart muscle, spermatozoa, 
and the thoracic muscles of bees. Because of the low concentration of 
cytochrome e¢ in these tissues, its absorption band is not visible at ordinary 
temperatures. Williams (2) had previously shown that Cecropia silk- 
worm larvae contain a cytochrome with a broad absorption band extend- 
ing from 551 to 562 my, with a maximum at about 557 to 558 my. San- 
born and Williams (3) termed the pigment cytochrome z pending its 
further identification. They reported that high concentrations of cyto- 
chromes « and a+a; are present in larval midgut. At liquid air tempera- 
ture the band of cytochrome x became narrower and its maximum shifted 
to about 554 my. The possible identity of the insect pigment with cyto- 
chrome e was recognized (3). Cytochrome z is widely distributed through- 
out the insect and predominates in the larval midgut, the pupal fat body, 
the heart at all stages, the wing hypodermis, and other tissues (4). In 
muscle tissue (other than the heart) its bands are visible only at low tem- 
peratures and cytochromes b and c predominate. Pappenheimer and Wil-. 
liams (5) showed that only those tissues of Cecropia that contain cyto- 
chromes b, c, and a+a; as major components appeared to be susceptible to 
the necrotic action of diphtheria toxin, whereas tissues in which b and c 
components were replaced by the x component, were resistant. 

There are several reports on the presence in tissues of similar cyanide- 
insensitive, oxidizable pigments which absorb light in the region 557 to 
560 mu. Yoshikawa (6), Kun (7), and Strittmatter and Ball (8) have 
described such a cytochrome pigment in liver extracts. In rat liver the 
cytochrome is concentrated in the microsomal fraction and is reduced by 
dihydrocoenzyme I (DPNH) (8). 

*This investigation was supported by grants from the National Institutes of 
Health, United States Public Health Service. 
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The present study was undertaken in order to elucidate the réle of cyto. 
chrome x in the chain of catalytic activity of the cytochrome system. Its 
high concentration in midgut of Cecropia larvae makes this tissue especially 
suitable for study. Because of the position of its absorption bands and 
certain other properties to be described below, we feel that this pigment 
falls into the 6 group of cytochromes,! and henceforth it is referred to as 
cytochrome b;. We believe that cytochrome 6; is identical with cyto- 
chrome e (1) and that it is closely related to the pigments described by 
others (6-8). 


Materials and Methods 


Homogenates—The midguts of larvae of fifth instar Cecropia were freed 
from undigested leaves, fat body, and malpighian tubules, and suspended 
in cold, insect Ringer’s solution. Four to six midguts, suspended in chilled 
0.32 mM sucrose, were homogenized in Teflon homogenizers. The homoge- 
nates were centrifuged at low speed; the sediment was rehomogenized in 
isotonic sucrose and again centrifuged at low speed. The combined su- 
pernatant fluids, 20 to 25 ml., were then centrifuged at high speed (10,000 
to 12,000 r.p.m. in the Servall SS-1 centrifuge) for at least 30 minutes. 
The slightly turbid yellow supernatant liquid was poured off and the sedi- 
ment washed twice by homogenization in cold isotonic sucrose, followed 
by high speed centrifugation. The twice washed sediment was suspended 
in 6 to 8 ml. of 0.1 m phosphate buffer. For spectroscopic observations 
the sediment was washed four times. The final sediment was yellow- 
brown in color and contained 2.3 to 2.8 mg. of protein nitrogen per ml. 

Flight muscle was removed from the thoraces of four to six adult moths, 
freed from connective tissue and fragments of cuticle, and homogenized 
and washed with 0.32 m sucrose as described for midgut. In contrast to 
the midgut, the first supernatant fraction from high speed centrifugation 
was clear and almost colorless. The final suspensions were pink and con- 
tained 1.2 to 1.6 mg. of protein nitrogen per ml. 

Protein Determinations—A modified Folin-Ciocalteu reagent was used 
(13). The intensity of the blue color developed was measured at 650 mu 


1 Cytochrome b with its a-band at 564 my is widely distributed in muscle tissue 
(Keilin (9)). Cytochrome }; with an a-band at 560 my is present in many bacteria 
(9,10). Cytochrome b2 with ana-band at 556 my is associated with yeast lactic dehy- 
drogenase (11). Cytochrome 6; is the pigment extracted from leaves of higher 
plants (12). After this paper was sent to press, a paper appeared by Egami, Itahashi, 
Sato, and Mori (J. Biochem., Japan, 40, 527 (1953)), describing a soluble hemopro- 
tein isolated from halotolerant bacteria. This pigment, with absorption bands at 
554, 525, and 418 my, was termed cytochrome },, although the Japanese workers had 
not described its function and its properties seem to us to resemble those of a cyto- 
chrome of type c more closely than they do those of type b. 
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in the Beckman spectrophotometer. The readings were converted to pro- 
tein nitrogen by means of a standard curve based on a micro-Kjeldah! de- 
termination of nitrogen. 

Reagents—The diphosphopyridine nucleotide (DPN) was cozymase “90” 
from the Sigma Chemical Company. DPNH was prepared by dithionite 
reduction of DPN (14). Cytochrome c was a Sigma product. Crystalline 
alcohol dehydrogenase was obtained from the Worthington Biochemical 
Sales Company. Other chemicals were of c.p. or reagent grade. Crystal- 
line antimycin A was generously sent to us by Dr. F. Strong of the Uni- 
versity of Wisconsin. 

Spectroscopic Observations—The Zeiss ocular spectroscope was employed. 
It was calibrated against appropriate mercury lines of a fluorescent lamp. 

Enzymatic Assays—Enzymatic activity was measured spectrophotomet- 
rically and manometrically as described in the following section. 


EXPERIMENTAL 


Direct Spectroscopic Observations; Midgut—Larval midgut particles were 
washed four times with 0.32 m sucrose, suspended in M/15 phosphate buffer 
at pH 7.4, and placed in Thunberg tubes. When such tubes are exhausted, 
allowed to stand a few minutes, and then examined in the spectroscope, 
two intense absorption bands may be observed: a broad inhomogenous 
band at 550 to 565 mu (mainly cytochrome b;) and an a+a; band centered 
at about 603 mu. Shaking with air causes the complete disappearance of 
the b; component, while the band at 603 my remains, but in greatly di- 
minished intensity.2, Addition of DPNH, following evacuation, causes the 
immediate reappearance of both bands at maximal intensity. In the pres- 
ence of 10-? m KCN, the same two-banded spectrum is seen, although the 
band centered at 603 muy is distinctly weaker. Upon aeration the cyto- 
chrome b; band again disappears, leaving a faint, but sharp and distinct, 
c band at 551 mu and a weak cytochrome b band at about 564 to 565 mu. 
It is clear that in the absence of cyanide, the a-bands of cytochromes b and 
c are masked by the strongly absorbing bs component and only become 
visible after oxidation of bs in the presence of cyanide. 

When sodium succinate is added to similarly washed particles in an 
evacuated Thunberg tube, the weak bands of cytochrome c and b and the 
strong a+a; band appear promptly. Within a few minutes, however, the 
b and c bands become masked by the strongly absorbing bs; component. 
On aeration, bs is the first band to disappear, followed by b and ¢ and leav- 
ing a faint band at 603 mu. In the presence of 1 y per ml. of antimycin A 


*In the light of subsequent spectrophotometric studies (15) the failure of the 
a+a; band to disappear completely was probably due to insufficient aeration. 
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(16), all of the bands disappear on aeration except for a faint cytochrome 
b band at 564 to 565 mu. 

These observations demonstrate that, contrary to previous findings (8), 
small amounts of cytochromes b and c are present in the larval Cecropia 
midgut. They suggest that DPN-linked oxidation passes through cyto. 
chrome bs as well as through cytochromes c, a, and a;. Cytochrome }, 
appears to be autoxidizable even in the presence of cyanide or antimycin 
A and therefore may act as a terminal oxidase in DPN-linked oxidations, 
Since cytochrome c is present only as a minor component, a substantial 
proportion of the electron transfer conceivably passes directly to oxygen 
through cytochrome b;. Succinate fails to bring about the rapid reduc. 
tion of cytochrome b;; therefore oxidation of this substrate evidently occurs 
only via the pathway involving cytochrome b, Slater factor, and cyto- 
chromes c, a, and a; (17). These conclusions, based on direct spectro- 
scopic observations, are further substantiated by the manometric and spec- 
trophotometric studies discussed below and by the kinetic studies described 
in the following paper (15). 

Flight Muscle—Washed flight muscle particles, reduced by dithionite, 
show strong absorption maxima at 551, 564, and 603 my at room tempera- 
ture, characteristic of the a-bands of cytochromes c, b, and a+a;. At 
liquid air temperature these bands become sharpened and intensified and 
shift to the left. At the same time a distinct cytochrome bs band appears 
at 553 to 554 mu. 

‘“‘Diaphorase” Activity of Midgut and Flight Muscles—Diaphorase ac- 
tivity was measured at 600 my in the Beckman spectrophotometer, with 
DPNH as substrate, in terms of the rate of reduction of 2,6-dichloro- 
phenol indophenol in the presence of 10-? m KCN. It has been assumed 
that the rate at which the dye is reduced under these conditions is propor- 
tional to flavoprotein activity. The ‘“diaphorase” activity of the midgut 
particles averaged 0.7 um of dye reduced per mg. of N per minute, as op- 
posed to 0.4 for flight muscle particles. ‘Diaphorase”’ is less firmly bound 
to the midgut particles than to those from flight muscle, since more than 
two-thirds of the total activity remained in the supernatant portion in the 
former case and less than one-third in the latter. 

Succinate Cytochrome c Reductase Activity—Oxidation of succinate by 
midgut homogenates is low, and it is not possible to follow fumarate 
formation by the direct spectrophotometric method (18, 19). Nevertheless, 
considerable amounts of succindehydrogenase are present in the midgut 


’ The midgut consists of a thick, folded epithelium covered by a very thin layer 
of closely applied striated muscle fibers. Since the midgut as a whole was used in 
the preparation of homogenates, it is conceivable that the small amounts of cyto- 
chromes b and c were contributed solely by the muscular layer. 
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whether measured by rate of reduction of 2,6-dichlorophenol indophenol 
in the presence of 10-? m KCN (20) or by rate of reduction of cytochrome 
cin the presence of cyanide with succinate as substrate. As shown in Ta- 
ble I, the succinate cytochrome c reductase activity of the midgut homog- 
enate was about 25 per cent that of flight muscle. For both systems, close 
to2 y of antimycin A are required to inhibit completely an activity equiv- 
alent to oxidation of 1 um of succinate per minute (Table I). This sug- 
gests that the Slater factor is limiting in both cases. However, the rates 
of succinate oxidation observed by the dye method were almost the same 
as those found by following the rate of reduction of cytochrome c. It 


TABLE [ 
Effect of Antimycin on Succinate Cytochrome c Reductase Activity* 


Midgut homogenate Flight muscle homogenate 
Antimycin A Activity Antimycin A Activity 

0 79 0 288 
0.027 80.5 0.314 142 
0.054 72.3 0.47 45 
0.090 62.6 0.56 13.5 
0.134 9.3 0.94 13.5 
0.27 3.5 
2.7 3.5 


* Each cuvette contained final concentrations of 4 X 10-5 m cytochrome c, 10-3 
au KCN, and 0.1 m phosphate buffer, pH 7.1, in a total volume of 3 ml. Antimycin 
Ais expressed as micrograms added per mg. of homogenate protein N. The homog- 
enate concentration in the test was 1.87 y of N per ml. for midgut and 0.53 y of N 
per ml. for flight muscle. The reaction was followed at 550 my. The results are 
expressed as micromoles X 103 of succinate oxidized per mg. of N per minute at 25°. 


would therefore appear that the succindehydrogenase-cytochrome b content 
of each tissue is approximately equivalent to its Slater factor content. 

DPN Cytochrome c Reductase Activity—The reduction of cytochrome c 
by DPNH in the presence of 10-* m KCN was followed at 550 muy in the 
Beckman spectrophotometer. The same rates were observed whether 
DPNH was used directly as substrate or was generated from DPN by the 
action of alcohol dehydrogenase on ethy] alcohol. 

Table II shows that, while both tissue preparations bring about rapid 
reduction of cytochrome c, the specific activity of the midgut preparation 
is at least twice that of flight muscle. Table II also records the cyto- 
chrome c oxidase activity of the two preparations. In flight muscle, oxi- 
dation of reduced cytochrome c proceeds several times as fast as its re- 
duction, whereas in midgut reduction is more rapid. Thus, in the absence 
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of cyanide, a steady state was reached with a midgut preparation when 
only about 55 per cent of the cytochrome c had been reduced. No change 
in absorption at 550 my occurred with flight muscle preparations when 


TABLE II 
Activity of Cytochrome c Reductase and Oxidase 
| | Washed Super- Total activity 
Preparation | Inhibitor particles hae ar remaining in 
| supernatant 
DPN cytochrome c reductase activity* 
per cent 
Midgut, I None 1330 410 27 
II 1430 354 23 
Antimycin A (1 y per ml.) 1600 
III None 1890 
Flight muscle, I x‘ 472 97 4.6 
Antimycin A (1 y per ml.) 31.4 


Cytochrome c oxidase activityT 


Midgut, I None 1160 
KCN (1073 m) <10 
Flight muscle, I None 1760 
KCN (1073 m) <10 


* Total volume in cuvettes, 3 ml. The experimental cuvette contained final con- 
centrations of either DPNH alone, 0.1 mg. per ml., or crystalline alcohol dehydro- 
genase, 14 y per ml., DPN, 0.1 mg. per ml., alcohol, 0.04 mM, and nicotinamide, 0.01 u. 
In addition both cuvettes contained cytochrome c, 2.5 X 10-5 Mm, KCN, 10-3 a, phos- 
phate buffer, pH 7.15, 0.1 M, and a suitable amount of homogenate. The reaction 
was followed at 550 my, and the rate of cytochrome c reduction is expressed as micro- 
moles X 10% per mg. of N per minute at 25°. 

¢ Cytochrome c was reduced with a pinch of dithionite and the excess dithionite 
oxidized by shaking. ‘Total volume in cuvettes, 3 ml. Final concentration of re- 
duced cytochrome c, 2.5 X 1075 m in phosphate buffer, pH 7.15, 0.1 m. No ecyto- 
chrome cin control. Reaction followed at 550 mu, and rate of cytochrome c oxida- 
tion expressed as micromoles X 103 per mg. of N per minute at 25°. 


DPNH was added in the absence of cyanide. Cyanide inhibition of cyto- 
chrome c-oxidase activity was at least 99 per cent with both preparations. 

Table II shows a striking difference between the two preparations in the 
presence of antimycin A. Minute amounts of antimycin cause 95 per 
cent inhibition of DPN cytochrome c reductase activity in flight muscle, 
whereas much larger quantities are without demonstrable effect on the 
midgut system. It is clear that the Slater factor is not involved in cyto- 
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chrome ¢ reduction by DPNH in the midgut preparation, and it is sug- 
gested that cytochrome b; may be the electron donor. 

No inhibitors of the DPN cytochrome c reductase activity of the midgut 
preparations have been found. Hemin, the naphthoquinone M285 (21), 
and 0.1 m pilocarpine, all of which inhibit the mammalian heart muscle 
system, were without effect on the midgut preparation. Colchicine and 


TaB_e III 
DPNH Oxidase Activity of Midgut and Flight Muscle Homogenates 
| DPNH oxidation 
Preparation | Inhibitor 
| Measured at $49 Thibition Oxygen uptaket Inhibition 
(1) (2) (3) (4) (5) (6) (7) 
imi. 108 
per cont | Mi per N per | er cent 
Midgut None 23.3 0 18.6 27.6 0 
Antimycin A 11.5 51 12 17.8 36 
8.1 65 10 14.6 46 
KCN 
Flight None 543 0 385 570 0 
muscle | Antimycin A 66 88 39.4 58.5 90 
ai “4 18 97 25 37 93.5 
KCN 


* Total volume, 3 ml. Phosphate buffer, pH 7.15, 0.1m, DPNH, 0.1 mg. per ml., 
and a suitable amount of homogenate. No DPNH in control cuvette. Inhibitors 
used in final concentrations of 1 y per ml. of antimycin and 107? mM KCN. 

+t The Warburg vessels contained final concentrations of 40 y of crystalline al- 
cohol dehydrogenase, 0.12 mg. of DPN, 0.04 m ethyl! alcohol, 0.01 mM nicotinamide, 
0.05 Mm semicarbazide, 0.1 m phosphate buffer at pH 7.15, and a suitable amount of 
homogenate placed in the side arm. Total volume, 1.0 ml. The center well con- 
tained 0.05 ml. of 5N NaOH. Antimycin and KCN concentrations as above. Tem- 
perature 25°. 


phenylthiourea did not inhibit. 0.05 mM azide sometimes caused slight in- 
hibition at pH 7.1, but 0.02 m azide was not inhibitory. 

After high speed centrifugation of the crude midgut homogenate, about 
70 per cent of the “diaphorase”’ activity remained in the supernatant fluid. 
Table IT shows that only about 25 per cent of DPN-cytochrome c reduc- 
tase activity is not sedimented with the particles. This suggests that two 
factors may be involved in the oxidation of DPNH by soluble cytochrome 
c, and that some cytochrome bs; is present in the supernatant fluid. In 
midgut supernatant fluid, a distinct Soret band characteristic of cyto- 
chrome bs; could be detected spectrophotometrically at 426 my in a con- 
centration compatible with its cytochrome c reductase activity. 
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Determination of the DPN cytochrome c reductase activity of homogen. 
ates in the presence of antimycin A and 10-? m KCN appears to offer g 
promising method for the enzymatic assay of their cytochrome bs, content, 

DPNH Oxidase Activities—Because of its low cytochrome c content, the 
over-all rate of oxidation of DPNH by midgut homogenates is relatively 
slow in the absence of added cytochrome c. Table III shows that under 


0 0.10 020 030 x10 
700+ 40.007 
0.006 
= 
> 500 + 5 4 0.005 
4 
= 400 +0004 
= 300 + 40.003 — 
2 
200 + 0.002 
100 } 6 40.001 


0 © 2 30 40 0 0 20 30x10°M 
MINUTES CYTOCHROME C CONCENTRATION 

Fic. 1. A, effect of cytochrome c on oxidation of ethyl alcohol by midgut homogen- 
ate in the presence of excess antimycin A. Each Warburg vessel contained final 
concentrations of 40 y of crystalline alcohol dehydrogenase, 0.12 mg. of DPN, 0.04™ 
ethyl alcohol, 0.01 m nicotinamide, 0.05 m semicarbazide, 1 y of antimycin, and 0.1 
phosphate buffer at pH 7.15. Homogenate tipped from the side arm; 0.05 ml. of 5x 
NaOH in center well. Final volume, 1 ml. The concentrations of added cytochrome 
c were none (Curve 1), 3.33 KX 10-5 m (Curve 2), 6.7 K 10-5 m (Curve 3), 1.33 X 107 w 
(Curve 4), 2.33 10-4 m (Curve 5), 2.33 & 10-4 m + 10-3 m KCN (no semicarbazide) 
(Curve 6). The homogenate contained 2.86 mg. per ml. of protein nitrogen. B, 
effect of cytochrome c on the Qo, (alcohol) of midgut. @, Qo, per mg. of N as ordi- 
nate; cytochrome c concentration as abscissa. O, 1/Qo, plotted against the recipro- 
cal of cytochrome c concentration as abscissa (Lineweaver and Burk (22)). 


these conditions DPNH is oxidized at only 2 to 3 per cent of the rate ob- 
served in the cytochrome c reductase experiments. The slow oxidation of 
DPNH is further diminished by 50 per cent in the presence of antimycin 
A and still more by KCN alone or in combination with antimycin A. 
These observations indicate that, in the absence of added cytochrome ¢, 
as much as 50 per cent of the electron transfer may pass through Slater 
factor and 65 per cent through cytochrome oxidase. 

The situation is quite otherwise in flight muscle. Here the oxidation of 
DPNH is very rapid and almost completely inhibited by cyanide. Al- 
though antimycin A inhibits the DPNH oxidase activity by 88 per cent, 
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the residual antimycin-resistant oxidation is still several times that of 
midgut. This is not unexpected if antimycin-resistant oxidation passes 
to cytochrome ¢ through cytochrome b;. Even though the cytochrome 
>, content of flight muscle is low, its cytochrome c content is sufficiently 
high to account for the rates observed. 

Columns 5 and 6 of Table III show the oxygen consumption of midgut 
and flight muscle preparations in the presence of DPN and alcohol dehy- 
drogenase with alcohol as substrate but without added cytochrome c. 
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Fic. 2. Effect of cytochrome c on oxidation of ethyl alcohol by flight muscle 
homogenate. The vessels were prepared as described for Fig. 1, except that anti- 
mycin A was added separately as noted. Curve 1, no added cytochrome c; Curve 2, 
1.6 X 10-4 Mm cytochrome c; Curve 3, 1 y of antimycin A; Curve 4, 1 y of antimycin 
A+10%mM KCN. The homogenate contained 1.28 mg. of protein nitrogen per ml. 


The observed oxygen uptakes (Column 6) are in close agreement with the 
spectrophotometric data (Column 3), and the effects of antimycin A and 
KCN are comparable for the two methods. 

When an excess of cytochrome c is added to the complete alcohol dehy- 
drogenase system, the rate of oxygen consumption catalyzed by midgut 
homogenates is greatly accelerated and approaches a value at least 40 
times that of controls without added cytochrome c. This greatly enhanced 
oxygen uptake is completely insensitive to antimycin, but is largely in- 
hibited by 10°? m KCN. Figs. 1 and 2 illustrate the effect of increasing 
cytochrome c concentrations on the DPNH oxidase system of midgut and 
of flight muscle respectively. In the case of midgut, the calculated oxygen 
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uptake of 830 ul. of O2 per mg. of N per hour at infinite cytochrome ; 
concentration (Fig. 1, B) is in good agreement with that calculated from 


the DPN cytochrome c reductase and cytochrome c oxidase activities re. | 


ul OXYGEN / ML. 
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Fig. 3. Effect of carbon monoxide and light on oxidation of aleohol by midgut and 
by flight muscle homogenates. The vessels were prepared as described for Figs. | 
and 2, except that no antimycin A was added. Oxygen uptake was followed in the 
dark for 35 minutes, at which time the vessels were illuminated. Curves 1 and 2. 
flight muscle; Curves 3 and 4, midgut. The gas mixtures were 95 per cent nitrogen 
per cent oxygen in Curves | and 3, and 95 per cent carbon monoxide-5 per cent oxygen 
in Curves 2 and 4. Protein nitrogen content of flight muscle preparation, 1.28 mg. 
_ per ml.; of midgut, 2.76 mg. per ml. 

Fic. 4. Effect of added cytochrome c on p-phenylenediamine oxidation at 25°. 
Each Warburg vessel contained a final concentration of 0.016 Mm p-phenylenediamine 
in a total volume of 3 ml. of 0.1 m phosphate buffer, pH 7.15. 0.1 ml. of 5 Nn NaOH 
in center well. Homogenate added from the side arm. ©, midgut; @, flight mus- 
cle. 


ported in Table II. For flight muscle, the rates calculated from Table II 
are appreciably lower than those actually observed.‘ 

Effect of CO and Light—Fig. 3 shows the effect of carbon monoxide on 
the oxidation of alcohol by the midgut and flight muscle preparations. 
The gas mixtures were 95 per cent nitrogen-5 per cent oxygen in the con- 
trol vessels and 95 per cent carbon monoxide-5 per cent oxygen in the ex- 

* [t is perhaps not always to be expected that exogenous cytochrome c would elicit 


the same,activity in the cytochrome c reductase test as that of endogenous eyto- 
chrome c in the manometric determination of DPNH oxidase. 
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perimental. A CO:QO: ratio of 19:1 in the dark caused a 50 per cent 
inhibition of oxygen uptake by flight muscle, but was without effect on 
the midgut homogenate. Inhibition of flight muscle was promptly relieved 
upon illumination with a 40 watt fluorescent lamp placed a few inches 
above the flasks. 

Cytochrome Oxidase Activity—Cytochrome oxidase was measured by fol- 
lowing the oxidation of p-phenylenediamine in the Warburg apparatus in 
the presence of increasing concentrations of added cytochrome c. A Line- 
weaver-Burk plot (22) was made, and the extrapolated value for oxygen 
uptake at infinite cytochrome c concentration was taken as a measure of 
cytochrome oxidase activity (Fig. 4). The method is similar to that of 
Slater (23) with ascorbate as substrate. The Qo, values found at limiting 
cytochrome ¢ concentration were 1600 and 1800 ul. per mg. of N per hour on 
two different midgut homogenates and 3400 and 2400 on two flight muscle 
preparations. These values are considerably higher than those calculated 
from the spectrophotometric determinations of cytochrome c¢ oxidase ac- 
tivity of Table II, which correspond to only 390 and 600 ul. of O2 per mg. 
of N per hour for midgut and flight muscle respectively. Even in the ab- 
sence of added cytochrome c, the Qo, for oxidation of p-phenylenediamine 
was 270 wl. of O» per mg. of N per hour for midgut, a value higher than 
would have been anticipated in view of the presence of only traces of cyto- 
chrome c. The results suggest that a substantial portion of the oxidation 
of p-phenylenediamine may not pass through cytochrome c and that the 
method may not provide a measure of cytochrome c oxidase in these tis- 


sues. 


DISCUSSION 


The pigment under analysis in the present study has been designated 
cytochrome b; because its absorption spectrum (15) is similar to but not 
identical with the spectra of b, b;, be, and b3. Its position in the chain of 
respiratory catalysts, 7.e. below cytochrome c, suggests that its potential 
is lw and compatible with other members of the b group (6, 8, 24). Fin- 
ally, like other cytochromes of this group, cytochrome 6; is slowly oxi- 
dizable even in the presence of cyanide or carbon monoxide. 

The accompanying scheme appears to be in accord with the present 
known facts concerned with electron transfer in Cecropia midgut and flight 
muscle homogenates. 


DPNH — flavoprotein? — cytochrome b; — Oz 
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The rapid reduction of cytochrome bs by DPNH in midgut homogenate; > 
and its coupling with exogenous cytochrome c even in the presence of anti. | 
mycin A leave little reason to doubt that cytochrome bs; is an essential com. | 
ponent of the main pathway of DPNH oxidation. Nevertheless, the } 


scheme may not represent the situation as it exists in the intact tissue. 

Experiments on respiration of intact midgut tissue show that no detect. 
able change in oxygen uptake occurs after addition of 10-* Mm KCN. Ye 
the homogenate, under similar conditions, shows 50 to 60 per cent inhibi. 
tion. As mentioned earlier,’ it is conceivable that all of the cytochrome ¢ 
in the homogenate is derived from the thin sheath of muscle fibers on the 
periphery of the midgut. Under this circumstance the difference between 
the cyanide sensitivities of homogenates as opposed to intact midguts 
would be accounted for. The small amount of muscle tissue can scarcely 
explain, however, the high concentration of cytochromes a+a; found in 
midgut homogenates. We have as yet no information as to whether cyto- 
chromes bs and a+a; are associated with the same or different particles. 

The distribution of “diaphorase activity’? and the DPN cytochrome ¢ 
reductase activity between washed midgut particles and supernatant fluid 
suggests that there may be a component, perhaps flavoprotein, acting be- 
tween DPNH and cytochrome b;. The kinetic studies reported in the 
following paper (15) provide strong evidence for the existence of such a 
factor. 

It is clear that Slater factor, which mediates the reduction of cytochrome 
c by cytochrome b or by DPNH, is present in the midgut, since reduction 
of cytochrome c by succinate is completely blocked by antimycin A. The 
fact that up to 50 per cent of the DPNH oxidase activity of midgut ho- 
mogenates may be blocked by antimycin A suggests that at least part of 
the oxidation of this coenzyme passes through Slater factor to oxygen. 
This pathway becomes of negligible importance upon addition of cyto- 
chrome c, under which circumstance virtually all of the electron transfer 
passes through cytochrome b; to cytochrome c and the oxidase. 

It is tempting to conclude that cytochrome b; can act as a cyanide and 
CO-insensitive terminal oxidase in those tissues in which cytochrome c is 
deficient. This is precisely the situation in the tissues of diapausing 
Cecropia pupae in which, save for certain minor groups of muscles such 
as the intersegmental muscles of the abdomen, cytochromes b; and a+4a 
are the major components (4). During diapause, the insect becomes al- 
most completely resistant to poisoning by cyanide and carbon monoxide, 
and respiration is hardly affected by these agents (25). While not all of 
the rigorous criteria of Warburg and Negelein (26) have been satisfied, it 
seems probable that cytochrome b; is the principal terminal oxidase in the 
larval midgut and indeed in the insect as a whole during diapause. In 
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any case it seems unlikely that flavoprotein is acting as terminal oxidase, 
since reduction of the oxygen tension to very low values causes no decrease 


| in oxygen uptake from DPNH (15). 


A test for an autoxidizable cytochrome other than a; is to observe spec- 
troscopically its oxidation in the presence of excess cyanide. We have 
observed that the characteristic a-band of reduced cytochrome b; disap- 
pears rapidly on aeration in the presence of 10~* m cyanide and that, under 
these conditions, the small amount of cytochrome c remains in the reduced 
state. Oxidation of DPNH by midgut preparations is inhibited only 50 
per cent by 10-* m HCN in manometric experiments and about 65 per cent 
when measured at 340 my. Slater’s (27) measurements show that 10° 
wu cyanide inhibits by 98.5 per cent both DPNH and cytochrome oxidase 
activities of the Keilin-Hartree heart muscle preparation. The high pro- 
portion of cyanide-resistant DPNH oxidase activity found for midgut 
homogenate cannot be accounted for by such a small residuum of uninhib- 
ited oxidase. 

The relative intensities of the a-bands of cytochrome b; in midgut and 
fight muscle preparations have been compared at liquid air temperature.® 
From such crude measurements, the cytochrome b, concentration of the 
midgut appears to be at least 30 times that in flight muscle. It is of inter- 
est that the DPN cytochrome c reductase concentrations of the two prepa- 
rations measured in the presence of cyanide and antimycin A were in the 
ratio of 58:1. 

Perhaps the most striking feature of the cytochrome system in Cecropia 
midgut is its negligible content of cytochrome c in relation to the large 
amounts of cytochromes b; and a+a; present. Provided that bs and a+az 
components are both linked to the same particles, it is obvious that an in- 
crease in cytochrome c is all that would be necessary to increase the respi- 
ration of this tissue enormously. A deficit of cytochrome c in relation to 
cytochromes b; and a+a; is characteristic of the insect as a whole during 
diapause, but, coincident with termination of diapause and initiation of 
adult development, the cytochrome c content begins to rise rapidly in the 
insect as a whole (28). Succindehydrogenase-cytochrome b and cyto- 
chrome oxidase synthesis lag behind and it is not until the flight muscle 
tissue begins to form, late in development, that the latter components are 
synthesized at their maximal rate. It seems not unreasonable to suppose 
that most of the increased respiration during the early stages of adult de- 
velopment may be accounted for by synthesis of cytochrome c alone, thus 
bridging the gap between the cytochrome b; and oxidase already present. 


* These experiments at low temperature were performed in collaboration with 
Mr. David Shappirio. 
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SUMMARY 


1. Reduced coenzyme I oxidation has been studied in homogenates ¢ | 
the larval midgut and adult flight muscle of the silkworm Platysami:} 


cecropia. 


2. Midgut homogenates contain only traces of cytochromes 6 and c, by} 
large concentrations of cytochromes b; and a+a;. Similar preparation : 
of flight muscle contain cytochromes b, c, and a+ a; as major components | 


but only a trace of cytochrome b;. 


3. In flight muscle, oxidation of DPNH and of succinate follows the} 


pathway described for the Keilin-Hartree heart muscle preparation. 

4. In the midgut, a considerable fraction of the total electron transfer 
passes from DPNH to cytochrome b; and thence to oxygen without the 
mediation of Slater factor. It is suggested that cytochrome bs may act as 
a cyanide-, carbon monoxide-, antimycin A-insensitive terminal oxidase, 

5. Added cytochrome c is rapidly reduced by cytochrome bs, thus pro- 
viding an antimycin-insensitive shunt by-passing the Slater factor and 
coupling to the cyanide-sensitive cytochrome a+as3. 

6. Despite adequate concentrations of succindehydrogenase-cytochrome 
b, succinate oxidation in midgut homogenate is very slow, owing to the 
limiting amount of cytochrome c present. The oxidation of succinate does 
not involve cytochrome b; to any significant degree. 

7. The significance of cytochrome b; is considered in relation to diapause 
and development in the Cecropia silkworm. It is concluded that cyto- 
chrome bs probably accounts for much of the cyanide-, carbon monoxide-, 
and antimycin-resistant DPNH oxidation, not only in the insect, but also 
in plant and animal tissues as well. 
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KINETIC AND SPECTROPHOTOMETRIC STUDIES OF 
CYTOCHROME bs IN MIDGUT HOMOGENATES OF 
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Pappenheimer and Williams (1) have described the absorption bands of 
cytochrome bs of Cecropia midgut as judged by the micro spectroscope 
and have demonstrated its enzymatic function in DPNH! oxidation and 
its relationship to the other members of the cytochrome sequence of the 
midgut. 

In this paper we describe direct studies of the kinetics of oxidation, 
reduction, and steady state action of cytochrome bs; as measured by the 
sensitive and rapid methods developed for the study of heart muscle ho- 
mogenates and whole cell suspensions (2). The enzyme system has been 
titrated with DPNH. The kinetics of reduction (by DPNH) and oxida- 
tion (by oxygen) reveal intermediate steps in the reactions between cyto- 
chrome bs with oxygen or with DPNH. The visible and Soret bands of 
cytochrome b; in the midgut homogenate are clearly shown by sensitive 
recording techniques and are found to be typical of hemoproteins, es- 
pecially those cytochromes of type b, and to be nearly identical to those of 
the purified cytochrome c reductases of Kun (3) and Strittmatter and Ball 
(4). 

Method—A double beam spectrophotometer (5) has been used for record- 
ing the reaction kinetics of cytochrome b; in the homogenate. Since only 
a limited amount of material was available, the volume of solution in the 
cuvette was 0.8 cc. and the optical path was 1 cm. A wave-length-record- 
ing spectrophotometer was used for obtaining the difference spectra (6), 
and in this case two 1 cc. samples were required. The spectral interval for 
both types of spectrophotometers was 1 to 3 mu. 

Preparations—Washed homogenates of the midgut of Cecropia, pre- 
pared as described in the previous paper (1), were suspended in 0.15 m 
phosphate buffer, pH 7.0. No cytochrome c was added, nor was the ho- 

* Supported in part by grants from the National Science Foundation and the 
Department of Research Grants and Fellowships, United States Public Health 


Service. 
1DPNH = dihydrodiphosphopyridine nucleotide. 
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mogenate dispersed with a detergent such as desoxycholate. The DPN} 
was a Sigma preparation and was assayed spectrophotometrically. 


The activity of the preparations was assayed directly from the “cycles | 
of oxidation and reduction of cytochrome bs as described in connectig} 
with Fig. 5. Rates of DPNH oxidation corresponding to about 10 wh 
DPNH per mg. of N per minute were found for the two preparation , 


studied. 


One preparation gave an optical density change of 0.03 at 427 to 4} 


my upon reduction of cytochrome bs by DPNH in a homogenate contain. 
ing 0.24 mg. of N per ml. 


24M 
= =F 427-405my =} = 
80 
= 
Oxidized SSE Oxidized 
A B 


Fic. 1. The time-course of optical density changes in aerated Cecropia midgut 
preparation. In A, the upward deflection of the trace caused by the addition of | 
mM DPNH indicates an increase of optical density at 427 with respect to 405 my. 
The steady state that ensues is terminated by the exhaustion of dissolved oxygen. 
In B, the steady state caused by succinate addition is followed by a second steady 
state in which both succinate and DPNH are present in the aerobic homogenate. 
Midgut preparation containing 0.5 mg. of N per ce., pH 7, 0.1 m PO 4", 25° (Exper- 
ment 210c). The irregularities in the rise of the two traces upon addition of DPNH 
in Fig. 1, A and succinate in Fig. 1, B are caused by the stirring rod with which the 
substrate was added. 


Steady State of Cytochrome bs—When excess DPNH is added to the 
aerated midgut preparation, a large reduction of cytochrome rapidly oc- 
curs, as is illustrated by the rapid rise of the trace of Fig. 1, A, which iss 
recording of the time-course of optical density changes in the region of the 
Soret band. The upward deflection of the trace is caused by an increase 
of optical density at 427 my with respect to that at 405 my. These wave- 
lengths were chosen to record cytochromes of type b. The dissolved oxy- 
gen is used up by the respiration in the homogenate after about 3} min- 
utes, and further reduction of cytochrome occurs, as is indicated by the 
slow rise of the trace.2. But when respiration is initiated by succinate in- 

2 The kinetic data presented below show that the rate of reduction of cytochrome 
b; is about 20 times as rapid as the rate of its oxidation, and therefore this pigment 
is about 95 per cent reduced in the steady state. The slow increase in reduction of 


cytochrome recorded in Fig. 1, A as the suspension becomes anaerobic is probably 
not caused by cytochrome b; but by cytochrome b. 
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stead of by DPNH (see Fig. 1, B), only a small reduction of cytochrome 
occurs, as indicated by the small upward deflection of the trace. This is 
because there is only a small amount of cytochrome 6’ in the midgut prep- 
aration. But addition of DPNH to the succinate-treated homogenate 
causes a large reduction of cytochrome. These records clearly distinguish 
the steady state behavior of the midgut preparation from that of the Keilin 
and Hartree (7) heart muscle preparation; the latter shows a large initial 
reduction of cytochrome b upon addition of succinate (8) and very little 
upon addition of DPNH (9). 

Spectroscopic Data—By means of a spectrophotometer that rapidly scans 
the spectrum (6), we have been able to record the difference spectra‘ of 
the cytochromes of the midgut preparation that are reduced by DPNH 
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Fic. 2. The difference spectrum of cytochrome b;, reduced in the steady state of 
oxidation of DPNH. Approximately 2mm DPNH and 0.4 mg. of N per cc. of the 
midgut preparation. Note the different optical density scales for the two spectral 
regions (Experiment 209-4). 


in the steady state of aerobic respiration (see Fig. 1, A). Fig. 2 represents 
our result for a once washed midgut preparation having bands of reduced 
cytochrome b; at 557, 527, and 426 my; the absorption below 400 my is 
caused by the added DPNH. This difference spectrum shows no detect- 
able cytochromes a, b, c, a3, and very little flavoprotein and can presum- 
ably be mainly attributed to the single hemoprotein cytochrome bs. 

The difference spectrum of cytochrome b; in the intact homogenate may 
be compared with the spectrum obtained by Strittmatter and Ball (4) for 
a desoxycholate-dispersed preparation of rat liver microsomes. Their data 
are calculated as a difference spectrum in Fig. 3. There is a very close 
resemblance between the pigments from Cecropia midgut and from rat 
liver microsomes; except for the relatively stronger a-band of the micro- 
somal pigment, the two pigments are spectroscopically identical. 


* Cytochrome b is the pigment observed in the succinate-linked activity of Keilin 
and Hartree’s heart muscle preparation. 

‘This difference spectrum shows only the differences of optical density between 
the oxidized cytochromes and those reduced by DPNH. 
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In both cases there is a sharp clear a-band that is much more clearly dig 
tinguished than is the broad a-band observed visually in the micro spectro. 
scope (1). 

The homogenate, when reduced anaerobically by succinate, initialh 
shows very little, if any, cytochrome 6s, but after some minutes the absorp. 
tion band at 427 my reaches an intensity that would have been obtaine 
with DPNH. This is illustrated by Fig. 4, A. The peak at 445 myjs 
that of cytochrome a3, and the trough at 460 my is partly due to flayo. 
protein. 

Fig. 4, B presents the difference spectrum of cytochrome bs as reduced 
in the steady state by DPNH and the same sample after the oxygen ha 
been exhausted and the reduction of the other respiratory pigments has 
occurred. In this case homogenate washed four times is used, and thereis 
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Fic. 3. The spectral data of Strittmatter and Ball (4) recalculated as a difference 
spectrum. Rat liver microsomes dispersed in desoxycholate and reduced with hydro- 
sulfite. 


less cytochrome b; present relative to the peak of cytochrome a; at 445 mp 
(see Fig. 4, A). This figure illustrates particularly how much more clearly 
cytochrome bs can be observed in the steady state than in the fully reduced 
preparation. 

Absorption due to flavoprotein, which is not reduced to an appreciable 
extent in the steady state of respiration in the presence of DPNH, is 
clearly discernible anaerobically in the region 460 to 490 muy in Fig. 4, B. 
Thus the flavoprotein involved in the cytochrome bs; system constitutes too 
smal] a portion of the total flavoprotein to be detectable (see Figs. 2 and 
3). We reject as very unlikely the possibility that flavoprotein involved 
in the cytochrome bs pathway would be nearly fully oxidized in the steady 
state, whereas cytochrome b; is at the same time fully reduced. 

Affinity of Cytochrome bs; System for DPNH—TIf a smaller amount of 
DPNH is added to the aerated homogenate than was used in Fig. 1, A, 
the DPNH will be completely oxidized before the dissolved oxygen is ex- 
hausted. In this case the kinetics of reduction of cytochrome bs are fol- 
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lowed by a brief steady state and by a reoxidation of the pigment. Typi- 
eal reaction kinetics of such cycles of reduction and oxidation are recorded 
in Fig. 5, A for several values of initial DPNH concentration.? The extent 
of steady state reduction of the cytochrome b; increases with initial DPNH 
concentration until a saturation value is obtained, a point further illus- 
trated by the graph of Fig. 5, B. The initial DPNH concentration caus- 
ing half maximal reduction in the steady state is about 3 X 107 M, cor- 
responding to a very high affinity of cytochrome b; for DPNH. 
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Fig. 4. A, the slow appearance of the absorption band of cytochrome 6; in a suc- 
cinate-reduced preparation. Approximately 20 mM succinate and 1.2 mg. of N per 
ec. of midgut homogenate that was washed once. O, the difference spectrum 1 
minute after anaerobiosis; @, the difference spectrum 10 minutes later (experiment 
209-1). B, the Soret band of the steady state (O) and reduced (@) pigments in a 
homogenate, washed four times, in the presence of excess DPNH (1 mm) (Experi- 
ment 209-8). 


Activity and Turnover Number of Cytochrome b;—We have shown by 
means of an electric analogue computer for representing biochemical reac- 
tion kinetics that the simple equation for the turnover number (k3) of an 
enzyme-substrate compound 


ks = Lo/Pmax.t} ott (1) 


applies equally well to intermediates in a sequential enzyme system; for 
example, to a hypothetical system for cytochrome b; action (2).° 


DPNH — F. P. — bs — O: (2) 


5 The rise of the base-line following successive cycles of cytochrome b; is not an 
instrumental artifact and is caused by an unidentified pigment that is apparently 
not reoxidized. 

* Chance, B., and Higgins, J., unpublished data. 
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The quantity xo is the initial DPNH concentration, pmax. is the maxima] 
concentration of the intermediate in the cycle, and ¢; or: is the time for p 
to fall to Pmax./2 as measured from the particular cycle (see Fig. 5, A), 
If the quantity pmax. is calculated as a percentage of the maximum (as 
obtained by the extrapolation of the curve Fig. 5, B), then ks of Equation 
1 represents the activity in micromoles per liter of DPNH per second. 
It is preferable to use an estimate of the average concentration of cyto- 
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Fig. 5. A, cycles of reduction and oxidation of cytochrome 6; caused by the addi- 
tion of various amounts of DPNH to the aerated homogenate. Approximately 0.25 
mg. of N per ce. in the homogenate, and 0.3 um cytochrome b;, pH 7.0, 0.1 m PO,*, 25° 
(Experiment 210h). 8B, the affinity of the cytochrome b; system for DPNH; the 
maximal value of reduced cytochrome bs during the cycles is plotted as a function of 
initial DPNH concentration from Fig. 5, A. C, a test of the applicability of the 
equation, k; = 20/Pmax.t} oft, to the kinetics of reduced cytochrome 6; and a calcula- 
tion of the turnover number, k;, of cytochrome b; (data of Fig. 5, A). 


chrome b,; in the homogenate and thereby obtain its turnover number, kf. 
If we assume that cytochrome b; has the same molecular extinction coefh- 
cient for its a-band as does cytochrome bz (10) (20 em.-! K mm), the 
value for the y-band is roughly 100 cm.-! K mm! when the difference in 
optical densities at 427 and 405 my is measured as in Fig. 5. On this basis 
Pmax. reaches a value of 0.3 um at the highest DPNH concentrations. The 
values of Pmax. t of computed from the curves of Fig. 5, A are then plotted 
against the initial value of DPNH concentration for each cycle in Fig. 4, 
C, and the straight line relationship verifies the applicability of this equa- 
tion to the kinetics of reduced cytochrome bs; in the presence of DPNH 
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and oxygen: cytochrome b; acts like a Michaelis intermediate in the oxida- 
tion of DPNH. The slope of the line of Fig. 5, C gives a turnover number 
of cytochrome bs of 0.13 sec.-'. A similar value is obtained from measure- 
ments of the rate of oxidation of DPNH at 340 muy in the usual manner. 
The estimate of 0.3 um for the cytochrome bs concentration indicates that 
the curve of Fig. 5, B represents in part a titration of cytochrome b;; half 
maximal saturation was obtained with a 0.3 uM initial DPNH concentra- 
tion, of which 0.08 um would be bound by the cytochrome bs system, as- 
suming DPNH = 2 cytochrome bs. Thus the free DPNH concentration 
giving half maximal reduction of cytochrome bs may be less than 0.2 um. 


0.5 
3 
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Fic. 6. The effect of initial DPNH concentration upon the first order velocity 
constant for the reduction of cytochrome b; computed from the half times of the 
kinetic curves (Experiment 217e). 


Kinetics of Reaction with DPNH—By using dilute DPNH and midgut 
homogenate at 2°, it was possible to estimate the speed with which DPNH 
causes the reduction of cytochrome bs. ‘This measurement is of particular 
importance in establishing whether cytochrome bs can be reduced fast 
enough to participate directly in the electron transfer reaction and in es- 
tablishing whether DPNH reacts directly with cytochrome b; or indirectly 
through an intermediate catalyst such as flavoprotein. The effect of 
DPNH concentration on the first order velocity constant for the reduction 
of cytochrome b; is shown in Fig. 6. First, it is found that the reaction is 
rapid (k ~ 0.4 sec.—') and, second, that the first order velocity constant 
does not increase linearly with DPNH concentration as it should if a direct 
reaction between cytochrome b; and DPNH occurs. Thus an intermediate 
such as flavoprotein does indeed intervene between DPNH and cyto- 
chrome bs. 

The rate of reduction of cytochrome bs is consistent with the extent of 
its steady state reduction by DPNH and with its turnover number. For 
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at 2°, ks is only 0.02 sec.-' (compared with 0.09 sec.—! at 25° for this prepa- 
ration), and the first order velocity constant for reduction is about 0.4 
sec.!, corresponding to nearly complete reduction of cytochrome b, in 
the steady state, as is observed experimentally (see Figs. 1, A and 5, A)! 

Reaction of Cytochrome bs System with Oxygen—The quantity ks; repre- 
sents the speed of the reaction causing the oxidation of reduced cytochrome 
bs. If molecular oxygen reacts directly with reduced cytochrome bs, the 
turnover number k; should increase linearly with the oxygen tension under 
all conditions for which we could verify spectroscopically no change in the 
concentration of cytochrome bs; in the steady state. Thus we have re- 
peated the cycles of Fig. 5, A with high DPNH concentrations (0.44 um) 
at various oxygen concentrations from 240 um down to about 10 um. To 
within the accuracy of our method (see Fig. 5, C), a constant value of k; 
is obtained instead of a 24-fold variation to be expected for a direct re- 
action of oxygen and cytochrome bs. We further recorded the kinetics of 
DPNH oxidation at 340 my in the usual manner and found no change in 
rate until very low oxygen concentrations were reached. Thus no direct 
reaction of cytochrome b; with oxygen occurs; a rate-limiting step involving 
an unidentified intermediate intervenes in this process as well as in the 
reaction with DPNH on the basis of kinetic data. Cytochrome bs; is an 
internal enzyme in a sequential electron transport system. 

Effect of Cyanide—A further light is shed upon the mechanism of cyto- 
chrome bs oxidation when the effect of cyanide is considered. Pappen- 
heimer and Williams (1) have already shown that cyanide only partially 
inhibits the oxidation of DPNH; a value of 65 per cent inhibition by 107 m 
cyanide is given in their paper. Here we can estimate the effect of cyanide 
upon k; by measuring the effect of cyanide upon the ‘‘cycles” of cytochrome 
bs. As shown in Fig. 7, A, the effect of cyanide upon the cycle of reduction 
and oxidation of cytochrome bs is an increase in the cycle duration, ¢3, and 
an increase in the steady state reduction of cytochrome bs, Pmax.. Both 
of these effects are caused by a decrease of k3, the rate of oxidation of cyto- 
chrome bs. 


7 The extent of reduction of cytochrome b; (p/e) is calculated from the Michaelis 
relationship 


0.4 


8 The evaluation of the experimental result is better understood in terms of the 
differential equation db;+++/dt = k[O.] [b;+*] that represents a direct reaction of ferro- 


cytochrome b; (b;**+) and oxygen: bs** + * b,t++ + Oo. Nowif we observe that 
[b;*+] is constant spectrophotometrically, and if we find db;***+/dt to be independent 
of [O2], the mechanism is incorrect, and no direct reaction of bs+* with oxygen occurs. 
Thus we must postulate an intermediate step in the reaction. 
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A point of especial interest is whether the rate of oxidation of cytochrome 
b; falls to a level beyond which cyanide causes no further inhibition, and 
this is demonstrated in Fig. 7, B, which shows that the decrease of ky 
caused by cyanide is essentially complete with cyanide concentrations of 
several millimolar. The percentage inhibition of k; obtained with 10 mm 
cyanide is fairly large, 82 per cent in the case of Fig. 7, B, and somewhat 
smaller (74 per cent) in another preparation. 


| 


[HCN]mM 0.9 9.9 
[DPNH] uM 0.4 0.4 0.4 
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0.10" 
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Fig.7. A, the effect of cyanide upon the kinetics of cytochrome 6; in the presence 
of DPNH. Approximately 0.6 mg. of N per cc., pH 7.0, 0.1 Mm PO4*, 25° (Experiment 
210e). B, O, cyanide inhibition of the velocity constant for the reaction of the 
cytochrome b; system with oxygen, as calculated from the cycles of Fig. 7, A; X, 
the inhibition of the DPNH oxidase system of heart muscle according to Slater (9). 


The extent of cyanide inhibition is much less than that observed for the 
DPNH oxidase system of heart muscle (plotted in Fig. 7, B from Slater 
(9)). Thus for these particular experimental conditions, about one-fourth 
of the respiration is linked to a cyanide-insensitive system. A much larger 
fraction of cyanide-insensitive respiration is found in the intact insect dur- 
ing diapause (see Pappenheimer and Williams (1)). 

Participation of Flavoprotein—The difference spectra of Fig. 2 and of 
Fig. 4, B show that a very small optical density change occurs upon addi- 
tion of DPNH to the midgut preparation in the region 460 to 490 myz 
where the reduction of flavoprotein would be recorded as a decrease of 
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optical density. The ratio of the optical density change in this region com. 
pared to that at 427 to 405 muy is about 0.1. Even if we attribute all the 


absorption at 460 my to flavoprotein, we calculate that less than 1 mole of | 


flavoprotein could be associated with the reduction of 1 mole of cytochrome 
bs in the aerobic steady state. On the other hand a much larger amount of 
reduced flavoprotein appears in the anaerobic system reduced with DPNH 
(see Fig. 4, B), corresponding to about 6 moles of flavoprotein to 1 of cyto- 
chrome b;. It is very unlikely that this larger amount of flavoprotein js 
directly associated with the cytochrome b; pathway, because the amount 
of DPNH required for nearly complete aerobic reduction of cytochrome }, 
is roughly 0.5 mole of DPNH per mole of cytochrome bs. 


DISCUSSION 


The clear absorption bands of cytochrome b; as measured by the re- 
cording spectrophotometer are in considerable contrast to the wide, in- 
distinct band that is seen in the micro spectroscope, on the basis of which 
Keilin and Hartree identified the pigment as a special cytochrome e (11). 
Thus the peculiar appearance of the a-band of this pigment in the micro 
spectroscope should no longer be a bar to its identification with the cyto- 
chrome b family in view of the clear cut band observed in our recordings. 
In addition this pigment hasa y-band in a region characteristic of members 
of the cytochrome b family, and the ratio of the intensity of the y- to the 
a-band is in the proper range for hemoproteins. Thus these more accu- 
rate spectroscopic data support the chemical and other evidence put for- 
ward by Pappenheimer and Williams (1) for inclusion of this pigment in 
the cytochrome b family. 

The affinity of the cytochrome b; system for DPNH is remarkable, and 
stoichiometric titrations of the system with DPNH are very nearly pos- 
sible, even in the presence of oxygen, because the turnover number of cy- 
tochrome b; is so small (only 0.1 to 0.2 sec.—"). 

The rate of reduction of cytochrome bs upon addition of DPNH is a 
very rapid reaction; in the most dilute solutions that we could use, the 
first order velocity constant (k) is 0.3 sec.—' at 2° (see Fig. 6) with DPNH 
and cytochrome bs; concentrations of about 2 X 1077 m. But this first 
order velocity constant does not increase linearly with the DPNH con- 
centration, and, for that reason, we must include an intermediate (J) step 
in the reaction of DPNH and cytochrome bs. 


DPNH + J _*1_, DPNH-I (3) 


DPNH-I + *, + 1 + DPNHt+ (4) 
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The second order velocity constant, k;, would probably have a value in 
excess of 10° X sec.—!.9 

The nature of the intermediate J is by no means proved to be flavopro- 
tein, although flavoproteins are generally believed to participate in cyto- 
chrome c reductase systems (12). However, we have failed to detect 
directly the reduction of flavoprotein when DPNH is added to the aerobic 
cytochrome bs; system. This difficulty is characteristic of the succinic 
dehydrogenase-cytochrome b system in which we have as yet been able to 
detect no pigment in heart muscle homogenates other than cytochromes 
b,c, a, and a3 that is reduced when succinate is added to the aerobic system. 
Isolation of the reductase systems may not provide an answer to this ques- 
tion, because Kun (3) found that his reductase preparation, which contains 
a pigment spectroscopically identical with cytochrome bs, required 15 min- 
utes for 40 per cent reduction of the pigment by DPNH. Nevertheless, 
his preparation had a high cytochrome c reductase activity. 

Another example is the succinic oxidase system prepared from heart 
muscle in which cytochrome b is reduced too slowly to carry more than 10 
per cent of the electron transfer from succinate to oxygen (2). These 
partially purified systems may not have the biochemical properties of the 
intact material, and they may be able to transfer electrons from the de- 
hydrogenase system to cytochrome c without evoking the physiological 
activity of cytochromes of type b. 

Our experimental data also show that an intermediate exists in the re- 
action of the cytochrome bs; system with oxygen. Thus we must write a 
reaction for the oxidation of cytochrome b; that involves an intermediate JJ. 


O, + J — OW (5) 
Oo + — + O20 + (6) 


The intermediate J could indeed be a form of cytochrome b;, or it could be 
a part of the cytochrome a;-a-c system that was somehow uninhibited by 
cyanide in our experiments.!° 

These kinetic studies show that cytochrome b; is an internal enzyme in 
its sequence of action, since its oxidized form is not derived directly from 


*This minimal value of k; is calculated for the special form of the second order 
equation for which the concentration of reactants (a) is equal: k = 1/aty, 4 = 2.3 
second,a = 2 10°7mM,k = 3 X sec.!. 

We have not considered seriously the possibility that the rate-limiting step in 
both the reduction and oxidation reactions is the diffusion of DPNH and oxygen 
through a membrane of the microsomes. This is because reduced cytochrome b; 
reacts very rapidly with ferricytochrome c, a molecule which would be unlikely to 
pass through a membrane that hindered oxygen and DPNH. 
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the reduced form by reaction with molecular oxygen nor is the reduced 
form obtained by direct reaction of the oxidized form with DPNH. 

In our previous study of the steady state of the succinic oxidase system, 
we remarked upon the close balance in the steady state and kinetic values 
for the system; there is a smooth gradation of values from succinate to 
oxygen. The cytochrome b; system is completely different; the steady 
state values in DPNH oxidation in the absence of cyanide are askey,. 
Cytochrome b; (and presumably its prior intermediate J) are nearly com- 
pletely reduced, and cytochromes a and a; are not measurably reduced at 
all. 


SUMMARY 


1. The spectra of the cytochrome components of homogenates of Ce- 
cropia midgut have been recorded in the visible and violet regions of the 
spectrum. Cytochrome b; is best observed by adding DPNH to the aero- 
bic suspension and has absorption bands at 557, 527, and 426 my in the 
difference spectrum. Such a spectrum is characteristic of cytochromes of 
type b, and our results are nearly identical with those obtained in the 
visible region of the spectrum by Strittmatter and Ball (4) for a desoxy- 
cholate suspension of rat liver microsomes. 

2. Cytochrome b; is nearly completely reduced in the steady state of 
DPNH oxidation by the midgut homogenate. Kinetic studies that show 
the rate of its reduction to exceed the rate of its oxidation by 20 times are 
therefore in accord with the steady state values. 

3. The “cycles” of reduction and oxidation of cytochrome b; caused by 
adding small amounts of DPNH to the aerobic homogenate are in accord 
with one criterion for a “Michaelis intermediate ;’’ cytochrome b; has ki- 
netic properties required for its function in a DPNH oxidase system. 

4. The affinity of the cytochrome b; system for DPNH is very high. 

5. Cytochrome b; does not react directly with DPNH; an intermediate 
step is involved, but no spectroscopic evidence for flavoprotein participa- 
tion was obtained. 

6. Cytochrome b; reacts with oxygen through intermediate steps that 
may involve this pigment itself or other members of the system. 

7. The cytochrome b; system is contrasted with the succinic oxidase 
system of heart muscle; the latter has a smoothly graded sequence of 
steady state values; the former is completely unbalanced. 
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KINETICS OF CYTOCHROME 6b; IN RAT LIVER MICROSOMES* 


By BRITTON CHANCE anp G. R. WILLIAMS 


(From the Johnson Research Foundation, University of Pennsylvania, 
Philadelphia, Pennsylvania) 


(Received for publication, February 9, 1954) 


In the previous paper the possibilities of direct kinetic and equilibrium 
studies of the reduction of cytochrome bs by reduced diphosphopyridine 
nucleotide (DPNH) were explored with a homogenate of the Cecropia 
midgut (1). The more homogeneous microsome preparation from rat liver 
previously used by Strittmatter and Ball (2) also contains cytochrome bs 
and is available in sufficient quantities for extended studies. We present 
here new spectroscopic and titration data on the reaction of cytochrome 
b; with DPNH, and, in addition, have used a new type of rapid flow appa- 
ratus, suitable for turbid particulate suspensions, for a study of the kinet- 
ics of reduction of cytochrome b; by DPNH over a wide range of DPNH 
concentrations. 

Method—The double beam spectrophotometer (3) was used for titra- 
tions. The kinetic studies were carried out in the “intermittent regenera- 
tive flow apparatus” (4). This device consists of an 80 cc. syringe for the 
microsome suspension and a 1 cc. syringe for the DPNH solution. These 
syringes are manually driven to force the reactants into an eighteen jet 
mixing chamber, a 1 sq. cm. cross-section observation tube, and thence 
into an 80 cc. stopping syringe. The contents of the stopping syringe are 
returned to the 80 cc. driving syringe as soon as the reaction is complete, 
making possible a number of experiments with the same microsome sus- 
pension. The mixing time is less than 10 milliseconds. 

Preparations—The microsomes are those obtained from rat liver by the 
method of Schneider (5). A preparation of Sigma DPNH was assayed 
spectrophotometrically. The purity of the microsome preparation is 
evaluated by the quotient of the optical density change at 427 to 405 mu, 
upon addition of an excess of DPNH aerobically, and the nitrogen content 
in mg. per cc.; the microsomes were 0.17 per cm. per mg. of N per cc. 
compared with 0.1 for the Cecropia homogenate. 

Activity—In the absence of cyanide or added ferricytochrome c, the 
activity of cytochrome b; as assayed from cycles of its oxidation and reduc- 
tion was found to be 3.5 um DPNH per mg. of N per minute as compared 
with 10 for the Cecropia homogenate. A more useful comparison of the 
activities is based upon turnover numbers of cytochrome bs: 0.06 sec.—! for 


* This research was supported in part by the National Science Foundation. 
945 


946 TITRATION AND KINETICS OF CYTOCHROME b; 


the microsomes' compared to 0.13 sec.—! for the Cecropia homogenate, 
These values are greatly increased by addition of cytochrome c. In the 
presence of 1 mm cyanide? the values are both about 0.02 sec.-'. The 
solution used for studies of enzymatic activity contains 0.04 m Nat, 0.01 
mM K+, 0.006 m Mgt, 0.02 m CI, 0.012 m F-, 0.016 m PO, pH 7.4. This 
solution gave about twice the oxidase activity that was obtained in 0.2 
tris(hydroxymethyl)aminomethane buffer, pH 7.4. Cyanide inhibition 
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Fig. 1. Titration of cytochrome 6; with DPNH. The values on the abscissa 
represent added DPNH in micromoles per liter (um). The two sets of ordinates 
correspond to the two dilutions of the preparation and to the two sets of wave- 
lengths. The 10:1 scale factor of the two ordinates is set by the 10:1 ratio of the 
y- to the a-band of cytochrome b; when measured at these wave-lengths. 0.01 u 
PO,", pH 7.4, 4° (Experiment 307b-3). 


was measured in 0.15 m PO, or 0.2 m tris(hydroxymethyl)aminomethane 
buffers. 

Spectroscopic Data—The microsomal pigment is largely reduced in the 
steady state upon addition of excess DPNH, and peaks of the difference 


1 It is assumed that cytochrome b; has the same molecular extinction coefficient 
for its a-band as does cytochrome bz (6) (20 cem.-' K mm~'). In the case of the micro- 
some pigment the ratio of the optical density changes at the y- and a-bands is 10:1 
instead of 6:1 for the Cecropia pigment (see below). We therefore use 200 cm. 
< mon”! for estimating the concentration of cytochrome bs of microsomes from the 
optical density change at 427 and 405 mu. 

2 The cyanide inhibition of the microsomal preparation was assayed by addition 
of DPNH about 1 minute after cyanide. Repeated additions of DPNH at 10 mM 
cyanide reveal that a further progressive inhibition by cyanide is occurring over 3 
period of several minutes. 
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spectrum are observed at 426 and 556 my, the spectrum being nearly 
identical with that measured for the Cecropia preparation except for the 
larger relative intensity of the y-band.! Flavoprotein aerobically reduci- 
ble by DPNH, as estimated by the optical density changes at 455 to 510 
my (7), is equivalent to less than one-fifth to one-tenth of the cytochrome 
b; on a mole to mole basis. 

Titration of Cytochrome bs with DPNH—At 4° the amount of reduced 
cytochrome bs; increases linearly with the initial concentration of DPNH, 
as is illustrated by Fig. 1, and the same initial slope of the titration curve 
is obtained with the two initial amounts of the microsome preparation. 
An average value of the slope is 140 cm.-' XK mm~! DPNH (the average 


Flow starts Flow stops 
Flow velocity trace 
427-405my 


log Io/T=0.005 


fe) 20 
Time after flow stops (sec) 


Fic. 2. The use of the intermittent regenerative flow apparatus in the measure- 
ment of the speed of reduction of cytochrome bs by DPNH under aerobic conditions. 
The final concentration of DPNH is 1.3 um, and the approximate concentration of 
cytochrome b; is 0.1 um. 0.01 PO,*, pH 7.4, 7° (Experiment 308f-5). 


— 


value for several titrations of the Cecropia midgut preparation is 110). If 
2 moles of cytochrome bs were reduced per mole DPNH, the molecular 
extinction coefficient of this hemoprotein as measured by the difference. of 
absorption between 427 and 405 my would be for microsomes 70 and for 
Cecropia 55 X 

Kinetics of Reaction of Cytochrome bs and DPNH—A typical record of 
the measurement of the speed of reduction of cytochrome bs in the pres- 
ence of DPNH is presented in Fig. 2. The reaction is slow enough so that 
it does not proceed appreciably until the flow has stopped, and the course 
of the reaction is plotted directly by the photographic recorder. The 
half time of the reduction under these conditions is about 0.4 second and 
corresponds to a first order velocity constant of 1.7 sec.-!. With the flow 
apparatus, it is possible to investigate the reaction kinetics in detail, and, 
since the order of the reaction is not known, it is preferable to use the ini- 
tial rate of cytochrome b; reduction to calculate the reaction velocity 
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constant. For the system, 


E+ DPNH — E- + DPNH* (1) 
x p 

d 

— = kz(e — p) (2) 


dt 


In the initial phase of the reaction p < e, and, on rearranging 


1 dp 
kix (3) 
The experimental results of Fig. 3 show that the linear relationship 


between x and (1/e)(dp/dt) obtains only up to 1 um DPNH concentration. 
2.0: 


2 
[DPNH] (uM) 


Fic. 3. The effect of DPNH concentration upon the velocity constant represent- 
ing the initial rate of reduction of cytochrome b; by DPNH. The data were obtained 
by the method illustrated in Fig. 2 (Experiment 308f). 


The slope of this line corresponds to ki = 1 & 106 m— &X sec.—! at 7° and 
this is k, of Equation 4 of Chance and Pappenheimer (1). Above 1.2 um 
DPNH the graph reaches a plateau corresponding to a first order velocity 
constant of 2 sec.— at 7°; this is k of Equation 5 (1). This plateau value 
may be compared with 0.4 sec.~! obtained at 2° with the Cecropia prep- 
aration without the aid of the flow apparatus. In both cases we have 
identified a rate-limiting step between DPNH and cytochrome b; cor- 
responding to the reaction of an unknown intermediate with DPNH. In 
this case we obtain a preliminary value for the second order reaction veloc- 
ity constant for the reaction of the intermediate with DPNH. Further 
complexities of this reaction are still to be revealed, because the curve of 
Fig. 3 does not pass through the origin. 


DISCUSSION 


In view of the fact that both cytochrome b; and the purified cytochrome 
ec reductase system of Mahler et al. react with cytochrome c in a reaction 


(1) 


(2) 


(3) 


eS 
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not involving Slater’s factor (7, 8), it is necessary to calculate how much 
of the cytochrome c reductase is needed in the microsomes to account for 
the observed speed of reduction of cytochrome b; by DPNH. Since the 
cytochrome c reductase system can be formally represented by equations | 
already derived for the peroxidase system (see Chance (9), Equation 13), 


da e 
dt 


1 


(4) 


we can substitute the appropriate values obtained from the right-hand 
portion of Fig. 2 of Vernon e¢ al. (10). Since the cytochrome c concentra- 
tion (a) is 120 um and the values of da/dt are available at values of DPNH 
concentration (xz) in the range of 10 to 20 um, Equation 4 may be simplified 
(a > x) and rearranged. 


1 da 
= (5) 
da/dt as evaluated from the initial slope of Fig. 2 (right) of Vernon et al. 
(10) is 1 wm cytochrome c per minute at 8 uw DPNH (zz) and is equivalent 
to 0.5 um flavoprotein per minute or 0.008 um per second. The enzyme 
concentration is calculated to be 0.0026 um pure enzyme (e) from the data 


of Mahler e¢ al. (7, 10). 


0.008 
0.0026 X 8 X 10° 


ky = 0.4 10% & sec.7! (6) 


This is the second order velocity constant for the reduction of cytochrome 
c reductase flavoprotein by DPNH at pH 8.5 and 25°, and it may be com- 
pared with a value of about 2 K 106m &X sec.—' at pH 7.4 and 25° for 
the reduction of cytochrome bs by low concentrations of DPNH (the 
velocity constant for the latter reaction was found to increase about 2-fold 
from 7-25°). Thus the molar concentration of cytochrome c reductase 
flavoprotein required to explain the observed rate of reduction of cyto- 
chrome b; in the microsomes is 5 times the cytochrome bs concentration. 
However, our spectrophotometric data show that less than 0.2 mole of 
flavoprotein per mole of cytochrome b; is reducible aerobically by DPNH; 
the total kinetic insufficiency of a flavoprotein of the type purified by 
Mahler is in excess of 25-fold. Thus the participation of flavoprotein in 
the reduction of cytochrome bs by DPNH remains dubious. 

Inhibitors do not reveal cytochrome c reductase activity of the type de- 
scribed by Mahler; p-chloromercuribenzoate (2 X 10-4 mM) caused no in- 
hibition in 4 minutes, and the activity is routinely measured in 0.016 m 
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phosphate buffer; these substances cause a large inhibition of the purified 
reductase (10). 

On the basis that 1 mole of DPNH reduces 2 moles of cytochrome b,, 
titration with DPNH causes a change of molecular extinction coefficient 
for cytochrome b; of 70 (microsomes) and for Cecropia 55 mm~! X cm.— 
at 427 to 405 mu. This value is much smaller than that measured for other 
proteins with protohemin as their prosthetic group: hemoglobin 200, myo- 
globin 234 (11), diphtherial cytochrome b*? 240 cm.-! X maz for a corre- 
sponding peak to trough measurement of the Soret band of the difference 
spectrum.‘ Although our experiments verify that the 2 reducing equiv- 
alents of DPNH are transferred to cytochrome c in enzymatic activity 
(values of 1.8 and 1.9 moles of cytochrome c per mole of DPNH are found), 
it is possible that there is competition for 1 of the reducing equivalents by 
some unknown acceptor in the absence of cytochrome c, as our titration 
experiments suggest.’ A loss of oxidizing equivalents has been found when 
ferrimyoglobin is titrated with hydrogen peroxide in the absence of ferro 
cyanide (13). 


SUMMARY 


The kinetics of DPNH reduction of cytochrome b; of the microsomal 
fraction of rat liver homogenates have been investigated with a new type of 
flow apparatus. At low DPNH concentrations the rate of reduction in- 
creases with the DPNH concentration in a manner approximating a second 
order velocity constant of 10 m—' X sec.—! at 7°. On the basis of this 
measured value we have calculated that the aerobic microsome preparation 
shows insufficient DPNH-reducible flavoprotein of the type purified by 
Mahler et al. to account for the observed speed of reduction of cytochrome 
b; by DPNH, the over-all discrepancy being 25-fold. Thus the participa- 
tion of flavoprotein in this reaction remains unproved. Nevertheless, at 
higher DPNH concentrations there is a limiting first order rate of 2 sec. 
at 7°, which proves that unknown intermediate reactions occur in the re- 
duction of cytochrome b; by DPNH. Cytochrome bs can be directly 
titrated with DPNH at 4°, and the slope of the curve is found to be 140 
K DPNH. 


3 A. M. Pappenheimer, Jr., personal communication, and unpublished data (B. C.). 

4 Recent spectroscopic data of Appleby and Morton on a crystalline lactic de- 
hydrogenase containing cytochrome b2 confirm these views; they find a value of 
about 170 em.-!? (12). 

5 Our recent experiments support this idea: when DPNH reduced cytochrome bs 
is titrated with ferricytochrome c, only 1 of the 2 reducing equivalents of DPNH is 
found in ferrocytochrome bs. 
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THE CONVERSION OF RADIOACTIVE ACETOACETATE 
TO CHOLESTEROL BY SURVIVING RAT LIVER 
SLICES* 


By MELVIN BLECHER{ anp SAMUEL GURIN 


(From the Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, February 4, 1954) 


Previous reports (1, 2) have raised the possibility that the utilization of 
acetoacetate for cholesterol synthesis may be accomplished without prior 
formation of acetone or acetate. It has also been demonstrated (1, 3, 4) 
that the isotope of singly labeled acetoacetate is not randomized by incu- 
bation with liver slices. Curran (2), as well as Chen et al. (4), has reported 
that somewhat more acetoacetate is cleaved to acetic acid upon incubation 
with liver slices than had been previously believed (1). All of this work 
leaves unanswered the question as to whether acetoacetate, or a closely re- 
lated 4-carbon precursor, is or is not incorporated as an intact 4-carbon 
unit into cholesterol. 

For these reasons, we have investigated the biosynthesis of cholesterol 
from acetoacetate labeled singly with C™ in either the carboxyl or methyl 
carbon atom. If acetoacetate were to be incorporated into cholesterol as 
an intact 4-carbon unit, only a few carbon atoms of cholesterol might be 
tagged; for example, methyl-labeled acetoacetate might possibly furnish 
the two angular methyl] groups of cholesterol. Bonner and Arreguin (5) 
have proposed a scheme in which acetoacetate is decarboxylated prior to 
its conversion to isoprenoid units in the synthesis of rubber, and Wiirsch 
et al. (6) have pointed out that the isotope distribution found in the cho- 
lesterol side chain is consistent with the concept that 5-carbon units, 
formed in the manner suggested by Bonner and Arreguin (5), participate 
in cholesterol synthesis. Therefore, if acetoacetate is decarboxylated prior 


* Aided by grants from the American Heart Association and the American Can- 
cer Society, administered by the Committee on Growth of the National Research 
Council. Part of the data was taken from a thesis submitted by Melvin Blecher in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy in the 
Department of Physiological Chemistry, University of Pennsylvania. Sodium ace- 
tate-2-C'4 was obtained from Tracerlab, Inc., on allocation from the United States 
Atomic Energy Commission. Barium carbonate-C' was obtained from the United 
States Atomic Energy Commission. 

t Predoctoral Research Fellow of the United States Public Health Service, Na- 
tional Heart Institute. 
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to its conversion to cholesterol, then cholesterol derived from carboxyl. 
labeled acetoacetate might be expected to contain little or no radioactivity, 

Radioactive cholesterol, biosynthetically prepared by incubating labeled 
acetoacetate with surviving rat liver slices, was degraded by chemical 
means. Evidence has been obtained which suggests either an obligatory 
cleavage of acetoacetate or equilibration with 2-carbon fragments during 
the process of formation of cholesterol. 


EXPERIMENTAL 


Organic Syntheses 


Ethyl Acetoacetate-4-C'*—This compound was synthesized by condensa- 
tion of methyl acetate-2-C with ethyl bromoacetate essentially according 
to the procedure of Sakami, Evans, and Gurin (7). With this method, a 
small amount of radioactivity (5 to 20 per cent of the total) is found in the 
methylene carbon. 

Ethyl Acetoacetate-1-C'*—In order to obtain ethyl acetoacetate labeled 
exclusively in the carboxyl carbon atom, acetone was carbethoxylated with 
isotopic diethyl carbonate. The radioactive diethyl carbonate was pre- 
pared by a new synthesis which is described here in detail. 

Isotopic silver carbonate was prepared from Na2C"QO; according to the 
method of Joulin (8). 36.8 gm. (133 mm) of dry, labeled silver carbonate 
were converted to diethyl carbonate by vigorous stirring with 22 ml. (267 
mm) of redistilled ethyl iodide at room temperature. As the reaction is 
strongly exothermic, a reflux condenser is required and occasional cooling 
of the reaction mixture is necessary. The reaction was continued for 2 
hours, after which the reaction mixture was subjected to fractional distil- 
lation at atmospheric pressure. The yield of redistilled isotopic diethyl 
carbonate (b.p., 128.5°) was 5.3 gm. (34 per cent based upon Ag»CO;). 
The product was diluted with 10 ml. of non-radioactive diethyl carbonate, 
dried over anhydrous MgSO, and redistilled. 

2.5 gm. (43 mm) of acetone were carbethoxylated with 14.3 gm. (129 
mM) of diethyl carbonate-C" essentially by the procedure of Lux (9). 
In order to isolate ethyl acetoacetate-1-C™, a crude, ether- and acetone- 
free distillate of the reaction mixture was chilled and shaken with 25 ml. 
of ice-cold 1 N NaOH. The aqueous phase, containing the sodium enolate 
of ethyl acetoacetate, was quickly drawn off and neutralized to pH 8 with 
1 n HCl. Ethyl] acetoacetate was isolated as the copper enolate by the 
addition of copper acetate (2). The yield of purified product (m.p., 195- 
196°) was 1.25 gm. (18 per cent based upon acetone). The yield of purified 
ethyl acetoacetate, isolated from the copper enolate according to the 
method of Curran (2), was 0.79 gm. (79 per cent based upon the copper 
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enolate). The purity of ethyl acetoacetate-C™ was determined by the 
method of Edson (10) and found to vary from 86 to 95 per cent. 

To confirm the position of the isotope in the various samples of radioac- 
tive ethyl acetoacetate, several chemical degradations were employed; 
namely, the permanganate oxidation method of Weinhouse and Milling- 
ton (11) and decarboxylation of acetoacetic acid with Denigés’ reagent. 
The acetoacetate-1-C'™ was found to be labeled exclusively in the carboxyl 
position. 

Incubation and Isolation Procedures—Radioactive cholesterol was ob- 
tained by incubation of rat liver slices in the presence of labeled acetoace- 
tate. Tissue from young (60 to 80 gm.) male or female albino rats of the 
Wistar strain was employed. Complete details of the incubation proce- 
dure have been reported elsewhere (12). Following incubation, the slices 
were heated with alcoholic KOH and the cholesterol isolated as the digi- 
tonide in the usual manner (1, 12). Digitonides were pooled from a large 
number of incubations in order to provide adequate amounts of tagged 
sterol for degradation studies. 

Following decomposition of the digitonides by the method of Schoen- 
heimer and Dam (13), cholesterol was isolated and purified by repeated 
recrystallizations from absolute methanol. A few samples of cholesterol 
were converted to the dibromide; this process did not alter significantly 
the specific activity of the cholesterol. The purity of cholesterol samples 
was checked by the Schoenheimer and Sperry method as adapted by Foldes 
and Wilson (14); values ranging from 93 to 98 per cent purity were ob- 
tained. 


Cholesterol Degradation 


Cholesteryl Chloride—Cholesteryl chloride was prepared in good yield by 
a modification of the method of Daughenbaugh and Allison (15). 970 mg. 
(2.53 mm) of cholesterol were dissolved in 10 ml. of anhydrous CHC}. 
The solution was chilled to 0°, and 0.6 gm. (5.0 mm) of thionyl chloride 
was slowly added; the mixture was maintained at 0° for 24 hours. The 
reaction mixture was then heated under reflux for 1 hour at a bath tempera- 
ture of 70° and the solvent and excess reagent removed at 50° and 2 mm. 
of Hg. The tan, crystalline residue was dissolved in acetone, decolorized 
several times with charcoal, and recrystallized from acetone-methanol; 
920 mg. of colorless, crystalline cholesteryl] chloride (m.p., 94.5-95.5°, un- 
corrected) were obtained (90 per cent yield). 

Pyrolysis of Cholesteryl Chloride—Cholesteryl chloride was subjected to 
thermal degradation by the procedure of Mauthner and Suida (16) as 
modified by Bloch and Rittenberg (17). A further modification was intro- 
duced by maintaining the temperature at 300° until HCl evolution ceased 
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(approximately 1 hour). The temperature was then raised to 350°, and 
the distillate consisting of isooctane and isooctene was directly distilled | 


into a flask containing a refluxing mixture of Van Slyke-Folch combustion 
mixture (18) plus selenium metal; the resulting CO» was converted to 
BaCO; and plated. 

The residue remaining after pyrolysis was heated to 360-400°, yielding 
a yellow, viscous oil which was purified on a column of activated alumina 
(Merck, after Brockmann) (17). Several petroleum ether eluates were 
collected; the specific activities of the nuclear hydrocarbon, CigH3o (19), 
remaining after evaporation of the solvent from each fraction were not 
significantly different. 

Oxidation of CygH30 by Chromic Acid—Samples of the hydrocarbon were 
oxidized by a mixture of chromic and concentrated sulfuric acids under 
the conditions described by Little and Bloch (20). The acetic acid formed 
in the reaction was steam-distilled, titrated with standard NaOH, and 
isolated as the silver and barium salts. The yield of acetic acid from the 
oxidation of different samples of the hydrocarbon varied from 1.42 to 1.68 
moles per mole of hydrocarbon. The isotope concentration of the carboxy] 
carbon of acetic acid was determined either by decarboxylation of silver 
acetate with bromine in CCl, (21) or by pyrolysis of barium acetate at 
550° to yield BaCO; and acetone. C"™ analyses of silver acetate, barium 
acetate, and acetone were performed by total combustion of the compounds 
to CO. with the Van Slyke-Foleh combustion mixture (18). With this 
information, the isotope concentration of the methyl group of acetic acid 
could be calculated. 

Isotope Analyses—For total C™ analyses, all organic compounds were 
oxidized to COz by the wet combustion procedure of Van Slyke and Folch 
(18). The samples of CO2 were converted to BaCOs;, plated on aluminum 
planchets, and counted in a Nuclear Instrument gas flow counter. Sam- 
ples were counted for a sufficient length of time to insure less than 5 per 
cent probable error. The specific activities are given as counts per min- 
ute per mg. of carbon and are corrected to zero thickness. Certain sam- 
ples of cholesterol were plated as the digitonides of aluminum planchets 
and counted in the gas flow counter. The specific activities of these sam- 
ples are given as counts per minute per mg. of carbon in cholesterol and 
are corrected to zero thickness. 


Results 


It was found that both methyl-labeled and carboxyl-labeled acetoacetate 
yielded labeled cholesterol. The ratios of incorporated methyl carbon to 
carboxyl carbon indicate that the methyl carbon of acetoacetate contrib- 
utes more to cholesterol synthesis than does the carboxyl carbon. A ratio 
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of 1.23 was obtained in one experiment which can be compared to the 
average ratio of 1.27 obtained by Little and Bloch (20) for the incorpora- 
tion of the methyl and carboxy! carbon atoms of acetate into cholesterol. 
A slightly lower value (1.14) was obtained by averaging the results of 
several experiments. 

The results (Table I) indicate that the carbon atcms of acetoacetate 
eontribute to the formation of both the isoocty] side chain and nucleus of 
cholesterol. The isotope concentration of the nucleus ccmpared to that 
of the side chain is seen to depend upon the position of the label im the 


TABLE [ 
Incorporation of Labeled Acetoacetate into Cholesterol and Degradation Products 


Radioactivity, c.p.m. per mg. C 


Precursor 
Found 
(a) (0) 
Acetoacetate-4-C'! 1+ IIt 118 101 Lost 0.84 
IIIa 117 117 142 0.82 
IIIb 145 — 135 164 0.82 
Acetoacetate-1-C™ IVa 89 87 73 1.19 1.26 
IVb 103 119 70 1.70 


* Calculated on the basis of a distribution of methyl and carboxyl carbon atoms 
of acetoacetate of 5:3 (1.67) for the isooctyl side chain and of 10:9 (1.1) for the 
cholesterol nucleus as determined by Bloch et al. (6, 20) for acetate. 

t Cholesterol isolated in Experiments I and II was pooled for degradation. 


precursor acetoacetate. The ratio of the activity in the nucleus to that in 
the side chain in cholesterol derived from acetoacetate-4-C™ (Experiments 
IIIa and IIIb) is seen to be 0.82, indicating that the methyl group of aceto- 
acetate contributes a greater proportion of carbons to the side chain than 
to the nucleus. However, in the case of cholesterol derived from acetoace- 
tate-1-C" (Experiments IVa and IVb) the carboxyl carbon contributes a 
greater proportion of the nuclear carbons than side chain carbons. It 
should be pointed out that no strict comparison can be made between 
Experiments I + II to IIIb and Experiments IVa and IVb (Table I), since 
variable amounts of carrier cholesterol were employed. 

In Table II are presented the relative utilization of the methyl and car- 
boxyl carbon atoms of acetoacetate for the synthesis of cholesterol, the 
cholesterol ring structure, and the aliphatic side chain. While these rela- 


» and | 
tilled 

Stion 

d to 
iding 

ina 

Were 

19), 

not 
ider | 

ed 
and 

the 
1.68 
xy] 

ver 

at 

um 

ds 
his 
cid 

pre 

m 
er 

ts 
n- 

d 

| 
YUM 


958 BIOSYNTHESIS OF CHOLESTEROL 


tive contributions were not determined on a single sample of cholestero] 
derived from acetoacetate labeled with C and C™ in the same molecule, 
a large number of experiments revealed that a relatively constant amount 
of cholesterol was isolated from each incubation mixture (16 to 18 mg. of 
digitonide per 2.5 gm. of liver slices). This minimized the possibility that 
cholesterol synthesized de novo could have been diluted to a variable extent 
with endogenous cholesterol. The results in Table II show that here, too, 
the relative isotope concentrations depend upon the position of the label 
in the precursor acetoacetate. In each case, the methyl carbon of aceto- 
acetate contributed more than the carboxyl carbon to cholesterol, as well 
as to its nucleus and side chain. The theoretical ratios of incorporated 


TaBLe II 


Relative Utilization of Methyl and Carbozxyl Carbon Atoms of Acetoacetate 
for Synthesis of Cholesterol, Nucleus, and Side Chain 


Average relative isotope Methyl 
Methylt | Carboxyl} Found | Calculated§ 
Cholesterol............. | 7.7 1.14 | 1.25 (15/12) 
9.0 8.3 | 1.08 1.11 (10/9) 
Side chain.............. 10.9 5.9 | 1.85 1.67 (5/3) 


* (Counts per minute per mg. of C in product)/(counts per minute per mg. of C 
in precursor) X 10‘, determined for undiluted material. 

t+ Averages of Experiments I, II, [[la, and IIIb. 

t Averages of Experiments IVa and IVb. 

§ Calculated on the basis of the distribution of acetate methyl and carboxyl ear- 
bon atoms determined by Bloch et al. (6, 20). 


methyl and carboxy] carbon atoms were calculated on the assumption 
that singly labeled acetoacetate behaves as does singly labeled acetate in 
the biosynthesis of cholesterol (20). The ratios obtained experimentally 
are in close agreement with the calculated values. 

Chemical degradation of the nuclear hydrocarbon permitted the estima- 
tion of the C“ content of carbon atoms 10, 17, 18, and 19 (see Fig. 1). The 
results of these analyses are given in Table III. Acetic acid resulting from 
the degradation was found to contain isotope when either methyl-labeled 
or carboxyl-labeled acetoacetate was used as precursor. Since the acetic 
acid is derived from 4 carbon atoms of the steroid (20), the isotope concen- 
tration observed for the methyl groups of acetic acid indicates the average 
activity of Cys and Cy, of cholesterol, while that obtained for the carboxy! 
groups of acetic acid gives the average activity of Cyy and C,;. In choles- 
terol derived from carboxyl-labeled acetoacetate (Experiments IVa and 
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IVb), the angular carbons (Cs and Cy) contained no radioactivity; all of 
the activity could be accounted for by the C™ content of the carboxy] 
group of acetic acid, and, therefore, either Cy) or Cy7, or both, must have 
been derived from the carboxyl carbon of acetoacetate. It can be seen in 
Experiments I + IT, IIIa, and IIIb that the carboxyl group of acetic acid 


2. CH3COOH 


Fig. 1. Degradation of nuclear hydrocarbon, Ci9H3o 


TABLE III 
Isotope Concentration* in Carbon Atoms 10, 17, 18, and 19 of Cholesterol 
Cholesterol synthesized from | 
Compound ana yzed C4H;COCH:COOH CH;:COCH2C“OOH 
1. Cholesterol 118 117 145 89 103 
2. Nucleus 101 117 135 87 119 
3. Acetic acid (degradation) 
(a) Silver acetate 160 138 193 43 61 
(6) Barium acetate 135 149 46 70 
4. COOH (Cio + Ci7) from (3a) 76 80 125 99 116 
5. (Cro + Ciz) =“ (30) 87 85 75 125 
6. Acetone from pyrolysis of 169 170 31 45 
(3b) 
7. Methyl carbons (Cis + Cy) 214 184 254 0 0 
from (3a) 
8. Methyl carbons (Cis + Cig) 202 204 0 0 
from (3b) 


* Isotope concentrations are given as counts per minute per mg. of C. 
t Cholesterol isolated from Experiments I and II was pooled for degradation. 


contained significant activity, demonstrating that at least 1 of these car- 
bons (Cy» or Cy7) must have been derived from the methyl] carbon of aceto- 
acetate. It is also apparent from these same experiments that the radio- 
activity was high at Cig and Cy in cholesterol which was derived from 
methyl-labeled acetoacetate, demonstrating that the methyl carbon of ace- 
toacetate can also serve as an efficient source of the angular methyl] groups 
of cholesterol. 

Since it has been established that carbon 19 (angular methyl group) 
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migrates during the pyrolysis of cholesteryl chloride to become attached 
to carbon 17 (20), and since it is also known that Cj; is derived from the 
methyl carbon of acetate (20), it is likely that carbon atoms 17, 18, and 
19 of cholesterol are derived from the methy] groups of acetoacetate, while 
carbon atom 10 is derived from the carboxyl carbon of acetoacetate. The 
Cio + Cir fraction in Experiments I + II, IIa, and IIIb (Table IIT) con- 
tained a significant amount of activity. Therefore, 1 of the 2 carbon atoms 
must have been derived from the methyl group of acetoacetate, and it 
seems likely that Ci; was the labeled atom in this case. It follows also 
that only 1 of the 2 molecules of acetic acid produced by the degradation 
(Experiments [Va and IVb) contains isotope (C,o), while in Experiments 
I + II, IIIa, and IIIb, 1 molecule of acetic acid is doubly labeled (C,; and 
Cy) and the other singly (Cs). 


DISCUSSION 


The wide distribution of C"™ in cholesterol derived from singly labeled 
acetoacetate suggests either that acetoacetate is not incorporated as an 
intact 4-carbon unit or that it is rapidly equilibrated with 2-carbon frag- 
ments prior to its incorporation. If acetoacetate must first be activated 
to acetoacetyl coenzyme A (CoA), then the latter possibility seems quite 
reasonable. 

Stern and Ochoa (21) have provided evidence suggesting that pigeon 
liver contains an activating system capable of converting acetoacetate to 
acetoacetyl CoA. In mammalian liver this system is apparently very weak 
(22); this probably accounts for the relatively feeble utilization of acetoace- 
tate by rat liver (1, 2, 4, 23). The presence of a 8-keto thiolase (24, 25) 
would provide a mechanism for the apparent equilibration of activated 
acetoacetate with acetyl CoA. | 

Since carbon 10 of cholesterol derived from acetoacetate-1-C™ is radio- 
active, it is likely that the acetoacetate molecule must have cleaved prior 
to its incorporation or during its incorporation into cholesterol. The find- 
ing that acetoacetate-4-C" yields radioactivity in carbon atom 17, as well 
as in carbons 18 and 19, suggests a similar interpretation. Furthermore, 
the incorporation of the methyl and carboxyl carbon atoms of acetoacetate 
follows precisely the same pattern observed by Bloch et al. (20, 26) with 
labeled acetate. 

Unexplained is the fact that singly labeled acetoacetate, upon incubation 
with rat liver slices, is recoverable with its isotope distribution unchanged 
(3, 4). It is possible that only a very small amount of acetoacetate is 
activated and is rapidly utilized for anabolic processes. 

There is, furthermore, no evidence that acetoacetate is incorporated as 
an intact 4-carbon unit into some larger symmetrical precursor which can 
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then equilibrate with acetyl CoA. Fractionation of the pertinent enzymes 
involved will undoubtedly help to settle this question. 

The strong possibility that acetoacetate is converted in small measure 
to acetoacetyl CoA, which rapidly equilibrates with acetyl CoA, leaves 
completely open the possibility that acetoacetate may be decarboxylated 
and the resulting “isopropyl” fragment condensed with acetyl CoA to 
form a branched chain, 5-carbon acid (5, 6). Such a mechanism cannot 
be excluded by the present experiments. 


SUMMARY 


1. The conversion of acetoacetate-1-C™ and 4-C™ to radioactive choles- 
terol has been studied in rat liver slices. 

2. Ethyl acetoacetate-1-C™ has been synthesized from acetone and di- 
ethyl carbonate-C™. 

3. It has been demonstrated that acetoacetate is not incorporated into 
a single or limited portion of the cholesterol molecule. 

4. The methy] carbon atom of acetoacetate is a source of carbon atoms 
17, 18, and 19 of cholesterol, while the carboxyl carbon atom of acetoace- 
tate is a precursor of carbon atom 10. 

5. Evidence is presented that the incorporation of singly labeled aceto- 
acetate into cholesterol follows the same pattern exhibited by singly labeled 


acetate. 

6. Evidence has been obtained suggesting that acetoacetate cannot be 
incorporated into cholesterol as an intact 4-carbon unit without equilibra- 
tion with 2-carbon fragments at some stage of the biosynthesis. 
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Liver—continued: 
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kinetics, Chance and Williams, 

945 

Midgut: Cecropia, cytochrome b;, Chance 

and Pappenheimer, 931 


Mitochondrium: Heart muscle, respira- 
tion, potassium effect, Von Korff, 


Macpherson, and Glaman, 151 
Lecithin choline incorporation, Ken- 
nedy, 525 
Phosphatide synthesis, Kennedy, 
525 
Mold: See also Neurospora 
Mucopolysaccharide(s): Acid, deter- 


mination, colorimetric, Di Ferrante, 
579 
Muscle: Adenosinetriphosphate-creatine 
transphosphorylase, crystalline, iso- 

lation, Kuby, Noda, and Lardy, 
191 

See also Heart 

Mycobacterium: Iinzymes, guanidine 
derivatives, degradation, effect, Zel- 
ler, Van Orden, and Végtlt, 429 
Myosin: Molecular kinetics, Parrish and 
Mommaerts, 901 


N 
Neoplasm: Amino acid, Riggs, Coyne, 
and Christensen, 395 


See also Tumor 
Neurospora: Tryptophan synthesis, Ta- 


tum and Shemin, 671 
Nicotinamide: N'!-Methyl-. See Meth- 
ylnicotinamide 


Nucleic acid(s): Sea-urchin embryo, 
Elson, Gustafson, and Chargaff, 


Yeast, urine uric acid, gout, effect, 
Wilson, Beyer, Bishop, and Talbott, 

227 

Nucleotidase(s): Diphosphopyridine. 

See Diphosphopyridine nucleotidase 

Nucleotide(s): Acid-soluble, separation, 

chromatographic, Hurlbert, Schmitz, 

Brumm, and Potter, 23 


INDEX 


Nucleotide(s)—continued: 

Diphosphopyridine. See Diphospho- 
pyridine nucleotide 

Metabolism, Hurlbert and Potter, 1 
Hurlbert, Schmitz, Brumm, and 
Potter, 3 
Schmitz, Hurlbert, and Potter, 4] 

Uridine. See Uridine nucleotide 


O 


Orotic acid: Carbon 14-labeled, uridine 
nucleotides from, Hurlbert and Pot- 


ter, 1 
Osmotic pressure: Succinoxidase, effect, 
Tyler, 893 
Oxidase: Cytochrome. See Cytochrome 
oxidase 
Cytochrome c. See Cytochrome ¢ 
oxidase 
Succin-. See Succinoxidase 


Succinate. See Succinate oxidase 
Xanthine. See Xanthine oxidase 
Oxygen: Hydrogenase and, interaction, 
Fisher, Krasna, and Rittenberg, 

569 


P 


Palmitic acid: Liver acetoacetate forma- 
tion from, mechanism, Brown, Chap- 
man, Matheson, Chaikoff, and Dauben, 


Pancreas: Phospholipides, acetylcholine 


effect, Hokin and Hokin, 549 
Peptidase: Carboxy-. See Carboxypep- 
tidase 
Phosphate: Energy donors, labeled 


amino acids, protein incorporation, 
relation, Zamecnik and Keller, 337 
Phosphatide(s): Synthesis, mitochon- 
dria, Kennedy, 525 
Phospholipase(s): Cytochrome oxidase, 
action, Edwards and Ball, 619 
Succinate oxidase, action, Edwards and 
Ball, 619 
Phospholipide(s): Pancreas, acetylcho- 
line effect, Hokin and Hokin, 549 
Phosphoriboisomerase: Alfalfa, Axelrod 
and Jang, 847 
Pituitary: Growth hormone, carboxy- 
peptidase action, Harris, Li, Cond- 
liffe, and Pon, 133 


| 

| | 

| 
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Pituitary—continued: 
See also Hypophysectomy 
Polypeptide(s): Lysine. See Lysine pol- 
ypeptide 
Polysaccharide(s): Muco-. 
polysaccharide 
Potassium: Heart muscle mitochondria, 
respiration, effect, Von Korjf, Mac- 
pherson, and Glaman, 151 
Uptake, pyridoxal and indoleacetate 
effect, Christensen, Riggs, and Coyne, 
413 
Pregnancy: I¢’strogen metabolism, Pearl- 
man, Pearlman, and Rakoff, 803 
See also Reproductive cycle 
Protein(s): Amino acids, labeled, in- 
corporation, phosphate energy do- 
nors, relation, Zamecntk and Keller, 
337 
Blood plasma, dietary protein effect, 
Steinbock and Tarver, 127 
Dietary, blood plasma protein, effect, 
Steinbock and Tarver, 127 
Lipotropic action, Harper, Benton, 
Winje, and Elvehjem, 


See Muco- 


171 

Pseudomonas fluorescens: Malonate de- 

carboxylation, Wolfe, Ivler, and Rit- 

tenberg, 867 

— —, acetyl coenzyme A role, Wolfe 

and Rittenberg, 885 

— —, magnesium effect, Wolfe, Ivler, 

and Rittenberg, 875 

Pyridoxal: Amino acids and potassium 

uptake, effect, Christensen; Riggs, 

and Coyne, 413 

Pyrimidine: Biosynthesis, aspartic acid 
relation, Woods, Ravel, and Shive, 

559 

Pyruvate: Oxidation system, acetoin 
formation and, Strecker and Ochoa, 

313 


R 


Reproduction: See also Pregnancy 
Reproductive cycle: Urine amino acids, 
Miller, Ruttinger, and Macy, 
795 
Respiration: Heart muscle mitochon- 
dria, potassium effect, Von Korff, 
Macpherson, and Glaman, 151 
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Riboflavin: Deficiency, adrenocortical 
hormone effect, Forker and Morgan, 

303 

Riboside: Azaguanine. See Azaguanine 


riboside 


S 


Saccharate: m-Aminopheny] glucuronide 
synthesis, liver, effect, Ste and Fish- 


man, 73 
Scurvy: Cholesterol metabolism, Bela- 
vady and Banerjee, 641 
Sea-urchin: Iimbryo, nucleic acids, 


Elson, Gustafson, and Chargaff, 285 
Silkworm: Cecropia, cytochrome 6; and 
dihydrocoenzyme I-oxidase system, 
Pappenheimer and Williams, 915 
See also Cecropia 
Steroid(s): Metabolism, Wotiz, Lemon, 


and Voulgaropoulos, 437 
Substrate: Knzyme time-course, Bo- 
dansky, 281 


Succinate: Acetyl formation from, liver, 
Topper and Stetten, 
Succinate oxidase: Phospholipase ac- 
tion, Edwards and Ball, 619 
Succinoxidase: Osmotic pressure effect, 
Tyler, 893 
Sucrose: Carbon, metabolism, Steele, 
91 


T 


Testosterone: Metabolism, Wotiz, 
Lemon, and Voulgaropoulos, 437 
17a-Methyl-C'-. See Methyl-C"™- 
testosterone 
Thiamine: Sulfur 35-labeled, fate, Mc- 
Carthy, Cerecedo, and Brown, 611 
Threonine: Liver fat deposition, effect, 
Harper, Benton, Winje, Monson, and 
Elvehjem, 165 
Thymine: Carbon 14-labeled, metabo- 
lism, Holmes, Prusoff, and Welch, 


503 

Transamination: Enzymatic, mech- 
anism, Hilton, Barnes, Henry, and 
Enns, 743 


Transphosphorylase: Adenosinetriphos- 
phate-creatine. See Adenosinetri- 
phosphate-creatine transphosphor- 
ylase 
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Tricarboxylic acid: Cycle, leaf, green, 


Brummond and Burris, 759 
Tryptophan: Synthesis, Neurospora, 
Tatum and Shemin, 671 


Tumor: -Bearing rats, liver catalase, 
Price and Greenfield, 363 

See also Neoplasm 
Tyrosine iodinase: Fawcett and Kirkwood, 
249 


U 


Uric acid: Urine, gout, veast nucleic 
acid effect, Wilson, Beyer, Bishop, 
and Talbott, 227 

Uridine nucleotide(s): Orotic acid-6-C' 
conversion to, Hurlbert and Potter, 


1 
Uridine phosphate(s): Metabolism, 
Schmitz, Hurlbert, and Potter, 41 


Urine: Amino acids, reproductive cycle, 
Miller, Ruttinger, and Macy, 795 


INDEX . 


| Urine—continued: 
Urie acid, gout, veast nucleic acid ef- 
feet, Wilson, Beyer, Bishop, and Tal- 


hott, 227 
V 
Virus: Reproduction, biochemistry, 
Mackal and Kozloff, 83 
W 
Water: Brain, determination, Sperry, 
377 
X 


Xanthine oxidase: Iron relation, Richert 
and Westerfeld, 179 


Y 


Yeast: Nucleic acid, urine uric acid, 
gout, effect, Wilson, Beyer, Bishop, 


227 


and Talbott, 
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